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Abstract

Light harvesting systems provide a platform that converts solar energy into other forms of
energy. One of the most common examples of photon capturing and conversion into chemical
energy is observed in photosynthetic organisms in both Eurkaroyic and Prokaryotic domains.
Nature provides a model for successful light harvesting platforms which includes the
compartmentalization of antenna complexes that contain separated donor and acceptor pairs that
participate in efficient electron transfer processes. In order to mimic such systems, crystalline
porous materials that exhibits regular cavities and pore dimensions provides an excellent starting
place. Metal organic frameworks (MOFs) are a class of porous organic and inorganic materials
that exhibit highly crystalline cavities that are ideal for the encapsulation of donor-acceptor pairs.
The non-covalent encapsulation of a photoactive guest results in photoactive metal organic
frameworks (PMOFs). The regular cavity sizes and geometries of MOF’s allow for one to study
the effects of encapsulation on guest photophysics. A class of prototypical photoactive guests
including the group 8 transition metal polyimines including iron (II), ruthenium (II), and osmium
(II) complexes. One in particular is ruthenium (II) tris-(2,2’-bipyridine) (RuBpy) which exhibits
a low spin ground state electron configuration (1GS) and prominent photophysical properties
such as broad visible light absorption, a high luminescent quantum yield, and long emission
lifetime. These properties are advantageous in many solar chemistry applications. Presented is
this dissertation are the photophysical studies of Ru (II) polyimines encapsulated in Zr (IV), Zn
(II), and Cd (II) metal organic frameworks. The chosen Zr (IV) and Zn (II) MOF’s are well

ix

known structures and exhibit cavities sizes and geometries capable of accommodating the Ru (II)
complex. These studies are compared to Ru (II) templated Cd (II)-carboxylate MOF’s which are
only formed in the presence of either heteroleptic and homoleptic Ru (II) complexes. From all
three studies, relationships between cavity size and guest photophysics are examined.
Furthermore, similar photophysical studies are performed on other transition metal polyimines
including Os (II), Fe (II), and Ir (III) complexes in Zn (II)-carboxylate MOF’s. The purpose of
these studies is that by understanding the steric and electrostatic effects on the guest
photophysics, improvement on future solar cell development can be achieved.

x

Chapter 1: Introduction
1.1: The Importance of Light Harvesting Systems
One of the greatest challenges throughout the 21st century is the development of clean and cheap
sources of fuel. It is reported that 85% of the total energy production comes from fossil fuels
such as natural gas, coal, and oil.1-2 There are two significant drawbacks of using fossil fuels
which include finite resources and the release of harmful greenhouse gases such as CO2, SO2,
CO, etc.3-4 The use of environmental extraction techniques such as fracking and coal mining
results in the possible contamination of drinking water and increase human exposure to harmful
gas emissions.5 The large quantity of naturally occurring fuel is advantageous due to the efficient
energy turnover and amount jobs held by the fracking and coal industry.6
In 2016, the Paris Agreement was signed by 197 countries to participate in the mitigation of the
greenhouse gas emissions.7-9 As time continues, the need for more efficient systems that utilize
renewable resources that are environmentally friendly will increase such as solar energy, water,
and wind utilization. The benefit of solar energy is that the sun delivers over 10,000 times more
energy to the surface of the earth than the total energy consumption by humans.10 Thus, the use
of sunlight as a source of energy becomes advantageous over other renewable resources. The
benefit of utilizing solar energy is that the versatility of the light harvesting system allows for the
conversion to alternative forms of energy other than electrical (Fig. 1.1).
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Figure 1.1: Illustration of the light conversion to other forms of energy
The benefit of using sunlight as an alternative source of energy is two-fold. Photovoltaic cells
that are cheap and efficient can deliver energy efficiently with no release of harmful products.
The second benefit is that the light harvesting system can act as a heterogenous catalytic system
to convert gases such as CO2 or CO to other cheap sources of fuel such as methanol or formic
acid. The downfall of most modern solar energy platforms includes the costs of solar panels
which includes installation and maintenance of the panels, and the efficacy of solar panels can
range between 15-30%.11 The modern day solar panels are composed of multi-crystalline or
amorphous silica along with other various semi-conductors such as cadmium selenide (CdS),
cadmium telluride (CdTe), copper indium selenide, etc making some solar cells much more
costly compared to others12
To combat the cost and efficiency problem of modern solar panels, many researchers to look
towards natural light harvesting systems such as bioinspired systems. Single light harvesting
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antenna proteins are capable of absorbing 20% of incident light due to their high molar
extinction coefficients.13 The chromophores responsible for their exceptional light harvesting
capabilities include chlorophylls and catenoids. Light harvesting metal complexes such as
chlorophylls exhibit broad and prominent visible light absorption utilizing a large portion of the
solar spectrum making them viable components in photovoltaic research
1.2: Light Harvesting Systems in Nature
Biological systems are capable of producing and storing chemical energy from sunlight through
a process of charge separated states found within chromophores in large transmembrane proteins.
Some of the most robust photosynthetic organisms includes cyanobacteria, marine life, and land
plants which convert solar energy into potential energy found in small and large carbohydrate
molecules including glucose, starches, fructose, etc.14 An example of a light harvesting system
found in nature is the light harvesting complex and reaction centers in (RC) in Rhodabacter
Sphaeroides (Fig. 1.2).15 The light harvesting centers (LH1 and LH2) absorb incoming photons
through the use of implanted bacteriochlorophylls as shown as the blue diamonds in the light
harvesting transmembrane proteins. The photon energy is then transferred to a rection center
(RC) containing bacteriochlorophyll and bacteriopheophytin (pink diamonds). An electron
transfer is then transferred from excited bacteriochlorophyll to a quinone molecule with the help
of bacteriopheophytin to generate a reduced quinone species. The quinone combines with free
hydrogen ions in the cytoplasm and carries the ions to the periplasm creating a hydrogen ion
gradient across which is used to drive ATP synthesis. The electrons on the reduced quinone
carrier is then recycled through one of two pathways including the generation of another quinone

3

Figure 1.2: Illustration of the light harvesting centers and reaction centers in Rhodabacter
Sphaeroides

carrier (QH2) by cyto b complexes or recombination with the original bacteriochlorophyll in the
reaction center which takes place with the help of an iron sulfur cluster (Fe2S2) and a cytochrome
c carrier
An important aspect of this reaction pathway is that donor and acceptors are located in a
specified distances and exhibit specific reduction potentials preventing back transfer. As shown
in (Fig. 1.3), the reaction center of Rhodabacter Sphaeroides with a more detailed flow of the
electron pathway and generation of the ubiquinone. The structure labeled P indicates the
bacteriochlorophyll dimer which initially accepts the energy transfer from the LH complex, the
structure is composed of two additional bacteriochlorophyll arms A and B pathway. Electron
transfer only takes place down the A pathway initially takin place between bacteriochlorophyll
(BA) and the bacteriopheophyrin (HA) on the time scale of 3 ps. The electron is then transferred
to the ubiquinone (QA) to generate the ubiquinol (QB) which drives the proton motive force.16-17
4

Artificial light harvesting systems are modelled after systems such as Rhodabacter Sphaeroides,
where donor acceptor pairs are separated at specified distances with specific reduction potentials.
Many include the use of supramolecular porphyrinic antennas, synthetic dyes, and transition
metal complexes18-20 all of which require extensive and costly synthetic strategies. Therefore, the
development of cost effective light harvesting systems leads to micro/nano porous systems such
as zeolites and metal organic frameworks (MOFs)
1.3: Introduction to Metal Organic Frameworks
Micro and nano porous materials have shown to be an excellent platform for many applications
including catalysis, gas storage and separation, liquid separation, and drug delivery. (citation)
This includes many zeolites, mesoporous silicas, and dye-clay hybrids systems which vary in
pore and cavity size distribution. Another class of porous materials which have gained much
attention within the past few decades are known as metal organic frameworks (MOF’s). MOF’s
are composed of inorganic metal building blocks (MBB’s) usually metal-oxides connected by
organic linkers which form a nano-porous materials with regularly sized cavities. An attractive
quality of MOF’s is their highly tunable network which allows the expansion of the framework
while keeping similar topological features just by adjustment of the organic linker size and
geometry. This allows for gradually larger surface areas and pore volumes which makes MOF’s
excellent candidates in gas storage and separation. In 1999, the Yaghi group developed one of
the first MOF’s known as MOF-5 which is a cubic Zn(II)-carboxylate framework composed of
tetrahedral Zn4O MBB’s connected by the linear benzene dicarboxylate (BDC) linker (Fig.
1.4).21 The framework exhibits exceptionally large surface area and pore volumes that are much
greater than the preceding zeolites. MOF-5 has become the prototypical MOF and serves as a
model in reticular chemistry.
5

Figure 1.3: Example of the cubic metal organic framework, MOF-5
As stated above, MOF’s serve as a platform for a wide variety of applications, most notably in
the area of gas adsorption and separation. Selectivity over the MBB composition results in Open
Metal Sites (OMS) or lewis basic sites which improve a MOF’s adsorption ability.22 Also, pore
size and volume restrictions allow for selectivity over gases that don’t accommodate a specified
van der waals geometry. Highly adsorptive porous materials are of particular interest due to their
ability to sequester greenhouse gases such as CO2 and methane. Improvements over MBB
composition and the nature of the organic linker has led to the development of CuSiF6 MOF
which exhibits exceptionally high CO2 adsorption selectivity over most frameworks.23
1.4: Photoactive Metal Organic Frameworks
The wide range of MOF applications is primarily due to the control over MBB composition and
ligand identity. The various use of different transition metals as the source of MBB composition
resultedin the development of MOF’s with intrinsic light harvest capabilities. The presence of
6

Co(II), Cu(II)/Cu(I), Fe(II), etc coordinated to various carboxylate and imidazole ligands creates
charge transfer states that can be populated allowing for MBB visible light absorption. Such
frameworks include MUV-11 and NTU-9 which exhibit long range visible light absorption
dependent on the identity of the metal used in the synthesis.24 Another example is the use of iron
(III) oxide metal clusters in MIL-88B(Fe) which exhibits promising photocatalytic abilities due
to the small band gap exhibited by the Fe MBB’s. The individual clusters exhibited
photocatalytic decomposition of Rhodamine B in the presence of visible light.25 The replacement
of non-photoactive organic ligands for porphyrinic ones such as meso-tetrakis(4carboxyphenyl)porphyrin (TCPP) in the presence of Zr(IV) ions has led to the development of
the Zr-porphyrinic MOF’s known as the PCN series. These light sensitive MOF’s exhibit broad
visible light absorption and large-scale quantities can be produced. For example, PCN-223(fb)
exhibits exciton hopping between adjacent ligands which is consistent with most porphyrinicbased MOFs.26
A second strategy in the synthesis of photoactive MOF’s is the non-covalent encapsulation of a
photoactive guest (Fig. 1.5). The inherent cavities and channels formed during the synthesis of a
particular MOF are sizes that ideal for the encapsulation of a photoactive guest. Most pore
diameters range between 5 Å – 30 Å and are dependent on the MBB composition and the organic
linker size/geometry. The nanoporous environment and cavities formed in the synthesis are
regularly structured resulting in a homogenous crystalline environment. The regularly structured
environment offers many benefits over amorphous materials such as the ability to study the
photophysics of an encapsulated guest.
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Figure 1.4: Two strategies in the synthesis of photoactive MOFs
The nanoporous environments of MOF’s also gives the opportunity to encapsulate donor
acceptor pairs at fixed distances similar to the light-harvesting complexes in Rhodabacter
Sphaeroides. The separation of donor-acceptor pairs allows for electron transfer between guestguest and/or guest-framework which can be used for a wide variety of photovoltaic
applications.27-28 The non-covalent encapsulation of organic dyes in MOFs has been performed
in the past with azo dyes, rhodamine, coumarin, etc to name a few. Transition metal polyimines
also can serve as guest in MOF encapsulation through either strategy 1 or 2. Covalent attachment
of ruthenium (II) bis-(2,2’-bipyridine)(2,2’-bipyridine-5,5’-dicarboxylic acid) to the Zr(IV)carboxylate framework known as Uio-67 results in a photoactive crystalline powder used in
electro-chemiluminescence and chemical detection analysis (Fig. 1.6).29-33 The attachment of
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other transition polyimines in MOF’s include rhenium and titanium complexes which participate
in photocatalytic reactions.

Figure 1.5: An example of (left) non-covalent and (right) covalent encapsulation of transition
metal complexes in the Zr (IV) based MOF Uio-67

1.5: Transition Metal Polyimine Photophysics and Applications
Transition metal complexes are known for their exceptional light harvesting properties. The
advantage of transition metal complexes over organic dyes is due to their prominent visible light
absorptive properties and long excited state lifetimes. Group eight transition metal polyimines
have gained much attention since the 1950’s with the discovery of ruthenium (II) tris-(2,2’bipyridine) (RuBpy). The coordination of three bipyridine ligands around cationic Ru ion results
in a complex with D3 symmetry and octahedral geometry. Structural time dependent (TDDFT)
calculations reveals the highest occupied molecular orbital (HOMO) of RuBpy consists of Ru
9

centered t2g orbitals while the lowest occupied molecular orbital (LUMO) consists of the
antibonding (π*) molecular orbital of the bipyridine ligand. (citation) The steady-state absorption
spectrum reveals, RuBpy exhibits prominent visible spectrum coverage (380 – 460 nm ) which is
due to Ru t2g → Bpy π* transition known as a metal to ligand charge transfer (MLCT) state. The
lower absorption bands < 350 nm are the result of inter-ligand bipyridine π → π* and Ru eg → t2g
transitions.
Access to the MLCT is singlet-in-character (1MLCT) and decays non-radiatively and unitarily (Φ
= 1) to a triplet state (3MLCT). The triplet state may decay through multiple pathways which
includes radiative (kr) and non-radiative (knr) decay to the singlet ground state (1GS) or access to
a triplet ligand field state (3LF) separated by energy barrier ΔE. Transition from the 3MLCT →
1

GS is a spin forbidden process resulting a long excited state lifetime (τ25C= 625 ns) and high

luminescent quantum yields (Φ = 0.09). The 3LF is known to be antibonding (σ*) with respect to
the Ru and bipyridine bond and results in complete non-radiative decay back to the singlet
ground state (1GS). Since the energy barrier is relatively low in energy (~3800 cm-1) access to
this state is advantageous in photo-release processes making Ru complexes ideal in drug delivery
systems. An overview RuBpy photophysics is shown in figure 1.8. The emission lifetime of Ru
(II) complexes can be expressed as a function of temperature (T) to the following equation

where τ0 is the emission lifetime, k0 is the sum of the radiative and non-radiative decay rates
from the emitting state, ΔE is the energy barrier to access a higher energy state, k1 is the decay
rate from the higher energy state, and kb is the Boltzmann constant. For RuBpy in EtOH, the k0
10

~5.5x106 s-1, k1 ~ 2x1013 s-1 and ΔE ~ 3,600 cm-1. An example of the temperature dependent
kinetics is shown in Fig. 1.7.

Figure 1.6: (Left) The temperature dependent lifetime of RuBpy in EtOH and (right) the steadysample state emission spectrum and fit to Eqn. 1.2 of RuBpy in EtOH

The steady-state emission spectrum of RuBpy in EtOH is shown in Fig. 1.7 where the emission
band is centered over 608 nm. In order to fully describe the excited state emission band, FranckCondon analysis is performed using the following equation
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where I( E) is the intensity at wavelength energy E, E00 is the difference in the zero point of the
excited and ground state potential energy wells, hωH and hωL are the average high and low
frequency acceptor modes, respectively, SH and SL are the high and low Huang-Rhys coupling
factors, respectively, Δν1/2 is the full width at half max, n and m are the number of high and low
frequency quantum numbers, respectively. Summary of the terms with respect to the ground and
excited state potential energy wells is shown in Fig. 1.9. For RuBpy, the average high frequency
acceptor mode is attributed to in-plane C=C and C=N modes of a1 symmetry (ν ~1300 cm-1) and
b1 symmetry (ν ~1260 cm-1) while the low frequency acceptor modes are associated with out of
plane bending modes and Ru -N stretching modes (ν ~250 cm-1 and 300 cm-1). The coupling
factors describe the nuclear displacement (ΔQ) of the ground and excited state potential energy
surfaces by the following equation

where M is the reduced mass of the vibrating system and ΔQ is displacement between the ground
and excited state potential energy surfaces.
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Figure 1.7: Illustration of the excited state decay pathways for RuBpy and parameters related to
(Eq. 1.1)

Other group (VIII) transition metal complexes include both Fe(II) and Os(II) polyimines. For
example, Iron tris-(2,2’-bipyridine) (FeBpy) is a metal complex which exhibits prominent visible
light absorption similar to RuBpy. FeBpy and other Fe(II) polyimine complexes exhibit
decreased splitting between the t2g and eg states. The low energy eg states results in greater access
to the ligand field state (3MC/3LF) which are known to non-radiatively decay to lower energy
quintet states (5MC). Decay through such metal centered state results in complete non-radiative
deactivation which lowers the luminescent quantum yields and emission lifetime of the 3MLCT.
FeBpy exhibits < 1 ns emission lifetime and very low quantum yields Φ << 1.
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Figure 1.8: Illustration of the ground and excited state potential energy wells and the associated
parameters extracted from (Eq. 1.2)
Other group 8 metal complexes include osmium(II)-based complexes which exhibit similar
photophysical properties as RuBpy. Osmium (II) tris-(2,2’-bipyridine) (OsBpy) exhibits large
visible absorption coverage (380 nm-500 nm) and 600 – 700 nm due to direct access to the
3

MLCT from the ground state (1GS). OsBpy contains a larger center metal ion (Os(II))resulting

in increased spin-orbit coupling between singlet and triplet states. The increased coupling in the
states results in shorter emission lifetimes and decreased luminescent quantum yield relative to
RuBpy. Unlike RuTer, the attachment of 2,2’,6,2”-terpyridine to Os(II) (OsTer) results in an
extended emission lifetime relative to OsBpy. This is primarily due to osmium (II) complexes
exhibiting large eg* -- t2g splitting, resulting in 3LF states that are ~ 9,000 cm-1 above the emitting
3

MLCT.
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Similarly to osmium (II) polyimines, other 5d transition metals can be coordinated to various
polyimines/carbenes to form complexes that are either photocatalysts or photosensitizers.
Rhenium (I) complexes such as Rhenium (I) (2,2’-bipyridine) tricarbonyl chloride participates in
the photo reduction of CO2 to CO in the presence of a 2-electron sacrificial donor.34 Iridium (III)
complexes are similar CO2 reducers as Re(I) complexes but are more advantageous due to their
extended visible light absorption. One example is Ir (III) (2-phenylpyridine) (2,2’,6,2”terpyridin) chloride (Ir(ppy)(tpy)Cl) which participates in CO2 reduction of a sacrificial electron
donor such as triethanolamine (TEOA).35-39 The complex is initially excited which is
combination of singlet charge transfer states (1MLCT and 1LLCT). The excited state complex is
then reductively quenched by TEOA which results in dissociation of the attached chloride ligand
and replaced with an additional H+ ion. Excitation and reductive quenching of the hydride
complex allows for binding of free CO2 generates CO through a 2-electron reduction to
regenerate the hydride complex. One downfall of using Ir(ppy)(tpy)Cl is the generation of Ir
dimers and deactivates the complex.
1.6: Motivation and Importance Behind this Work
As previously discussed, biological systems provide an excellent model for the development of
improved light harvesting systems. Biological systems utilize compartmentalization of closely
compacted transmembrane proteins that contain photosensitive chromophores that participate in
photosynthetic pathways. Organized donor-acceptor pairs results in precise photochemical
pathways that generates chemical byproducts that can be used for later energy requirements. In
order to model a synthetic chemical system similar to bioinspired ones, this has led to researchers
turning to crystalline porous materials which exhibit regular cavities that are ideal for the
encapsulation of photoactive guests. The non-covalent encapsulation of photoactive guests
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allows for the compartmentalization of donor-acceptor pairs resulting possible guest-guest or
guest framework electron transfer.27-28, 40
Presented in this work is the study of Ru (II) polyimine complexes encapsulated in Zr (IV), Zn
(II), and Cd (II) MOF’s. The goal is to understand how the steric and electrostatic effects of the
MOF influence changes in the photophysical properties of the complex. The importance of this
work is that by understanding how the nano environment influences the photophysical properties
of the guest, one can modulate and fine tune the photophysics to give the desired properties of a
particular material.
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Chapter 2: Materials and Methods
2.1: Spectroscopic Techniques
2.1.1: Steady State Emission Studies
Steady state emission studies was performed by first immobilizing a sample (~5 mg) of
Complex@MOF to a microscope slide using a thin layer of vacuum grease. The microscope slide
was then placed in a 1 cm four-sided optical quartz cuvette and the spectrum was collected using
an ISS PC1 spectrofluorimeter (spectrum was obtained 45° relative to 450 nm excitation). The
steady-state emission spectrum of the complex in solution was collected by dissolving a small
amount of the complex in a particular solvent in a four-sided quartz cuvette.
2.1.2: Emission Lifetime and Temperature Dependence
A similar process as the steady-state emission experiment was performed for the emission
lifetime measurements. The four-sided quartz cuvette containing solid sample was sealed with a
septum cap and wrapped with parafilm. The cuvette was then deaerated with Ar gas and then
placed in a variable temperature sample holder (Quantum Northwest). Excitation was performed
using a 532 nm (5 ns) laser pulse from a Continuum MiniLite II frequency doubled Nd:YAG
laser (1 mJ/pulse). The emission was collected focused onto an EOT amplified Si-photo-diode
(~200 ps rise time) and digitized using a 4 GHz transient digitizer (Tekronix 7404). All data
were analyzed using Origin 8 Pro. Error analysis including residual sum of squares and reduced
chi square calculations for emission lifetime fits are shown in the Appendix.

20

2.2: Characterization
2.2.1: Powder x-ray diffraction
In powder x-ray diffraction (PXRD) analysis approximately 20 mg of dried samples was used in
the measurements. For the samples unstable in air, a small aliquot of solvent was placed on the
sample. The samples were analyzed using a Bruker D8 Advance Powder X-Ray Diffractometer
with step time of 0.1 sec and measurements between θ = 2° to θ = 50°.

2.2.2: Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was performed with ~ 15 mg of the MOF
sample. FTIR was performed using a FTIR PerkinsElmer® Spectrum Two Spectrometer
equipped with a DGTS detector on the spectral range of 400-4000 cm-1.
2.3: Synthetic Methods
2.3.1: Synthesis of Ruthenium (II) tris-(2,2’-bipyridine) (RuBpy), Ruthenium (II) tris-(1,10phenanthroline) (RuPhen), Osmium (II) tris-(2,2’-bipyridine) (OsBpy), Osmium (II) tris(1,10-phenanthroline) (OsPhen), and Osmium (II) bis-(2,2’,6,2”-terpyridine) (OsTer)
Preparation of RuBpy is performed by first dissolving a.) 1:3 mole ratio of RuCl3 : 2,2’bipyridine for RuBpy, b.) 1:3 mole ratio of RuCl3 : 1,10-phenanthroline for RuPhen, c.) 1:3 mole
ratio of OsCl3 : 2,2’-bipyridine for OsBpy, d.) 1:3 mole ratio of OsCl3 : 1,10-phenanthroline for
OsPhen, e.) 1:2 mole ratio of OsCl3 : 2,2’,6,2”-terpyridine for OsTer in ethylene glycol in a 50
ml round bottom flask. The solution is then purged with argon gas for 5 minutes to eliminate
dissolved oxygen which aids in the formation of ruthenium-oxide or osmium-oxide dimers. After
purging with argon, a stir bar is added to the round bottom and the flask is then attached to a
reflux condenser. The solution is heated ~100°C for 24 hours. After 24 hours, the solution is then
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cooled to room temperature and 3 ml of cold saturated NH4PF6 / water solution is added to
precipitate the solid PF6 salt. The PF6 salt is the vacuum filtered and washed with cold water and
methanol where the solid continues to be dried. To get the chloride salt, a sample of the prepared
PF6- salt dissolved in acetone in a dry vial. A cold saturated solution of t-butyl ammonium
chloride is the added to the solution to precipitate an orange solid which is then vacuum filtered
and washed to cold acetone and dried over vacuum.
2.3.2: Synthesis of Ruthenium (II) bis-(2,2’-bipyridine)(1,10-phenanthroline)
(RuBpy2Phen)
Preparation of RuBpy2Phen is performed by first dissolving a 1:1 mole ratio of RuBpy2Cl2 :
1,10-phenanthroline) in ethylene glycol in a 50 ml round bottom flask. . The solution is then
purged with argon gas for 5 minutes to eliminate dissolved oxygen which aids in the formation
of ruthenium-oxide. After purging with argon, a stir bar is added to the round bottom and the
flask is then attached to a reflux condenser. The solution is heated ~120°C for 24 hours. After 24
hours, the solution is then cooled to room temperature and 3 ml of cold saturated NH4PF6 / water
solution is added to precipitate the solid PF6 salt. The remaining orange solid is then centrifuged
and the supernatant is decanted and the solid is then washed with cold water and ethanol. The
solid is then redissolved in acetone and air dried to yield an orange powder (RuBpy2PhenPF6).
To get the chloride salt, a sample of the prepared PF6- salt dissolved in acetone in a dry vial. A
cold saturated solution of t-butyl ammonium chloride is the added to the solution to precipitate
an orange solid which is then vacuum filtered and washed to cold acetone and dried over
vacuum.

22

2.3.3: Synthesis of Ruthenium (II) bis-(1,10-phenanthroline) (2,2’-bipyridine)
(RuPhen2Bpy)
Preparation of RuPhenBpy2 is performed by first synthesizing RuPhen2Cl2 which is performed
by dissolving a 1:2 mole ratio of RuCl3 : 1,10-phenanthroline and 160 mg LiCl in a 50 ml round
bottom flask. The solution is then purged with argon gas for 5 minutes to eliminate dissolved
oxygen which aids in the formation of ruthenium-oxide dimers. dissolving a 1:1 mole ratio of
RuBpy2Cl2 : 1,10-phenanthroline) in ethylene glycol in a 50 ml round bottom flask. The solution
is then purged with argon gas for 5 minutes to eliminate dissolved oxygen which aids in the
formation of ruthenium-oxide. After purging with argon, a stir bar is added to the round bottom
and the flask is then attached to a reflux condenser. The solution is heated ~90°C for 24 hours.
After 24 hours, the purple solution is then cooled to room temperature and purified by running
the solution down an alumina column with acetone as the mobile phase. The eluted solution is
then air dried to produce a dark purple powder. Preparation of RuPhen2Bpy is performed by
dissolving a 1:1 mole ratio of RuPhen2Cl2 : 2,2’-bipyridine in ethylene glycol in a 50 ml round
bottom flask. . The solution is then purged with argon gas for 5 minutes to eliminate dissolved
oxygen. After purging with argon, a stir bar is added to the round bottom and the flask is then
attached to a reflux condenser. The solution is heated ~120°C for 24 hours. After 24 hours, the
solution is then cooled to room temperature and 3 ml of cold saturated NH4PF6 / water solution is
added to precipitate the solid PF6 salt. The remaining orange solid is then centrifuged and the
supernatant is decanted and the solid is then washed with cold water and ethanol. The solid is
then redissolved in acetone and air dried to yield an orange powder (RuBpy2PhenPF6). To get the
chloride salt, a sample of the prepared PF6- salt dissolved in acetone in a dry vial. A cold
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saturated solution of t-butyl ammonium chloride is the added to the solution to precipitate an
orange solid which is then vacuum filtered and washed to cold acetone and dried over vacuum.
2.3.4: Synthesis of Iridium (III) (2-phenylpyridine) (2,2’,6,2”-terpyridine)Chloride
(Ir(tpy)(ppy)(Cl))
Iridium (III) (2-phenylpyridine)(2,2’,6,2”-terpyridine) was synthesized by first dissolving 100
mg of Iridium (III) chloride and 86 mg of 2,2’,6,2”-terpyridine in 6 ml of ethylene glycol in a 50
ml round bottom flask. The solution was then dearated and the round bottom flask was heated ~
140°C for 24 hours. The resulting red solution was cooled to room temperature and the resulting
solid was then centrifuged and washed (x3) with water and left to air dry. The solid was then
resuspended in 6 ml of ethylene glycol and 50 μl of 2-phenylpyridine. The suspension was then
refluxed while stirring for an additional 24 hours to yield a yellow solution. The resulting
solution was then cooled to room temperature and 3 ml of cold ammonium hexafluorophosphate/
water solution was added to precipitate a yellow solid. The yellow solid was then centrifuged and
washed with additional cold water and air dried overnight. The PF6- salt was then converted to
the Cl- salt but redissolving the yellow solid in a small aliquot of acetone to fully dissolve the
complex and a saturated solution of cold ot-butylammonium chloride/ acetone was added. The
resulting yellow powder was vacuum filtered and washed with additional cold acetone and air
dried overnight.

2.3.5: Synthesis of RuBpy@Uio-66, RuBpy@Uio-66-NH2, RuBpy@Uio-66-OH,
RuPhen@Uio-66, RuPhen@Uio-66-NH2, RuBpy@Uio-67, and RuBpy@Uio-68

Synthesis of Ru(II) complex in the Uio-66-XX and Uio-6X series is performed by dissolving and
sonicating 0.17 mmol of zirconium chloride and 0.17 mmol of the appropriate ligand (see below)
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and 40 mg of ruthenium (II) tris-(2,2-bipyridine) hexafluorophosphate or 40 mg of ruthenium (II)
tris-(1,10-phenanthroline) hexaflourophosphate in 10 ml of DMF and 394 μl of glacial acetic
acid in a 20 ml glass dram. The glass vial was then placed in an oil bath for 24 hours ~ 120°C.
The resulting powder was then washed vigorously (x3) with DMF, ethanol, and acetone. The
powder were then dried overnight. The ligand used were as follows: RuBpy@Uio-66 and
RuPhen@Uio-66 (1,4-benzene dicarboxylic acid (BDC)); RuBpy@Uio-67 (Biphenyl-4,4dicarboxylate (BPDC)); RuBpy@Uio-68 (p-Terphenyl-4,4’-dicarboxylic acid) (TPDC));
RuBpy@Uio-66-NH2 (2-amino-1,4-dicarboxylic acid (BDC-NH2)); RuBpy@Uio-66-OH (2hydroxy-1,4-dicarboxylic acid (BDC-OH))
2.3.6: Synthesis of RuBpy@USF-2, OsBpy@USF-2, Ir(tpy)(ppy)Cl@USF-2,
RuDmbpy@USF-2, RuPhen@USF-2, and RuDpp@USF-2
The synthesis of all transition metal complexes in USF-2 was performed by dissolving 55 mg of
1,3,5-benzenetricarboxylic acid (BTCA) and 110 mg of zinc (II) nitrate hexahydrate and 20 mg
of the complex in 5 ml of methanol in a 20 ml dram vial. In a separate glass vial, 5 ml of toluene
and 115 μl of aniline was added. The methanol solution was then carefully layered over the
toluene/aniline layer and left at room temperature for 24 hours. The supernatant was then
removed and the cubic crystals were then washed with methanol (x3).
2.3.7: Synthesis of RuBpy@HKUST-1(Zn), OsBpy@HKUST-1(Zn), OsPhen@HKUST1(Zn), and OsTer@HKUST-1(Zn)
The synthesis of Ru(II) and Os(II) complex in HKUST-1(Zn) was performed by dissolving 55
mg of 1,3,5-benzene tricarboxylic acid (BTCA) and 110 mg of zinc (II) nitrate hexahydrate and
20 mg of either ruthenium (II) tris-(2,2’-bipyridine), osmium (II) tris-(2,2’-bipyridine), osmium
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(II) tris-(1,10-phenanthroline), osmium (II) bis-(2,2’,6,2”-terpyridine) in 10 ml DMF in a 20 ml
glass dram. The glass vial was then placed in an oil bath for 24 hours ~80°C. The supernatant
was then removed and the resulting hexagonal crystals were washed with ethanol and acetone.
2.3.8: Synthesis of RuBpy@MOF-177
The synthesis of RuBpy@MOF-177 is performed by first dissolving 80 mg of (1,3,5-(4carboxyphenyl) benzene (BTB),187 mg of Zn(NO3)2 6H2O, and 20 mg of RuBpy (Cl- salt) in 10
ml of diethylformamide (DEF) in a 20 ml glass dram. Any undissolved particulates were
sonicated until any solids were completely dissolved. The vial containing the solution was then
placed in an oil bath ~90°C for 24 hours. After 24 hours, the supernatant was then removed and
the resulting yellow hexagonal crystals were washed with ethanol (x3) and incubated in ethanol.
2.3.9: Synthesis of RuBpy@MOF-5
The synthesis of RuBpy@MOF-5 is performed by first dissolving 80 mg of (1,3,5-(4carboxyphenyl) benzene (BTB),187 mg of Zn(NO3)2 6H2O, and 20 mg of RuBpy (Cl- salt) in 10
ml of diethylformamide (DEF) in a 20 ml glass dram. Any undissolved particulates were
sonicated until any solids were completely dissolved. The vial containing the solution was then
placed in an oil bath ~90°C for 24 hours. After 24 hours, the supernatant was then removed and
the resulting yellow hexagonal crystals were washed with ethanol (x3) and incubated in ethanol.
2.3.10: Synthesis of RWLC-5, RWLC-7, RWLC-8, RWLC-9
The synthesis of RWLC-X was performed by dissolving 20 mg of 1,4-benzene dicarboxylic acid
and 20 mg of the Ru (II) complex (see below) in a 1.5 ml of DMF and 1.5 ml EtOH in a 20 ml
glass dram. In separate vial, 35 mg of cadmium (II) nitrate tetrahydrate was dissolved in 0.5 ml
of purified water. The Cd (II) solution was then added to the first solution. The glass dram was
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then placed in an oil bath for 24 hours ~110°C. The solution was then cooled and the supernatant
was removed and discarded. The red crystals were then washed with ethanol (x3). The
complexes used were as follows; RWLC-5 – ruthenium (II) tris-(2,2’-bipyridine) chloride;
RWLC-7 – ruthenium (II) bis-(2,2’-bipyridine)(1,10-phenanthroline) chloride; RWLC-8 –
ruthenium (II) bis-(1,10-phenanthroline)(2,2’-bipyridine) chloride; RWLC-9 – ruthenium (II)
tris-(1,10-phenanthroline) chloride
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Chapter 3: Ruthenium Polyimine Encapsulation in Zirconium-Based Metal Organic
Frameworks
3.1: Introduction into Zr (IV)-based Metal Organic Frameworks
Zirconium-based metal organic frameworks are known for their exceptional mechanical and
hydrothermal stability due to their stable Zr (IV) clusters formed during their synthesis. Zr (IV)
oxide clusters are known to form a variety of empirical arrangements depending on the Zr (IV)
oxide ratio. These ratios are usually formed in (ZrO2)n arrangements and are connected by
carboxylate linkers which vary in size and geometry and generate various MOF topologies.1 The
most common arrangement is the hexanuclear cluster consisting of Zr6O8 or more specifically
Zr6(μ3-O)4(μ3-OH)4. A class of porous materials that exhibit these hexanuclear clusters are the
porphyrinic Zr (IV) oxide MOF’s which utilize a 4-carbon connected linker such as
tetracarboxyphenylporphyrin. Depending on the metal to linker ratio and solvothermal
conditions, various MOF topologies can be synthesized using this particular linker including
MOF-525 (ftw), PCN-223 (shp), PCN-224 (she), and PCN-225 (sqc).2-6 These clusters are also
observed in other well-known systems such as Uio-66, NU1100-1104, MOF-800 series, PCN-56,
PCN-59.2, 7-10
Zr (IV)-oxide MOF’s exhibit phenomenal hydrothermal stability as a result of their highly
charged Zr (IV) MBB’s. The +4 charge of the Zr cations and geometry of the connecting ligand
allows for greater stability in polar environments and even highly acidic and basic conditions.
The strong coordination bond between the carboxylate ligands and Zr (IV) cations is known to
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increase the metal-ligand bond strength participating the overall strength of the framework.11 The
Zr (IV) oxide clusters are also very advantageous due to their inherent catalytic nature allowing
them to be utilized for a number of applications such redox and hydrolysis reactions.12-13 One
specific cluster, Zr6O8, is known for having open metal sites allowing for the binding and
catalytic breakdown of exogenous reactants such as nerve agents.14
The synthesis of most Zr-MOFs require the use of modulating agents that exhibit similar
chemical functionality as the organic linker. The use of modulators regulates the coordination
equilibrium of Zr (IV) oxide clusters and the organic linker. For example, in the synthesis of
PCN-222, PCN-223, and MOF-525, the use of acetic acid, benzoic acid, trifluoro acetic acid
results in crystals with varying defect regions which influences the formation of different MOF’s
with varying surface areas and catalytic nature.15 Diversity in the modulating agents allows for
variation in MOF crystallization rate allowing for improvement in crystallinity and morphology.
MOF’s are well known for their exceptionally large surface areas and porosity. One strategy to
increase the surface area and pore size is by isoreticular expansion which takes advantage of the
organic linkers size and geometry.16 An important characteristic of Zr(IV)-based MOF’s is that
modifying the size of the organic linker will result in similar topology and expand upon the
overall surface area of the MOF without templating a separate framework, such as some
templated Zn(II) and Cd(II) based MOF’s.17-18 Replacement of the BDC ligand in the Uio-66
synthesis with a slightly larger ligand (BPDC) results in the Uio-67 framework which exhibits
similar octahedral and tetrahedral cavities but exhibits a much larger BET surface area (1187 m2
g-1 for Uio-66 and 3000 m2 g-1 for Uio-67) and allows for much greater gas adsorption (Fig. 3.1)
.2, 10
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Another important aspect of Zr(IV)-based MOF’s is the ability to functionalize the organic linker
through three main strategies; 1.) solvothermal synthesis of the functionalized linker and Zr
salt,10 2.) post synthetic modification of the framework19-20, or 3.) solvent-assisted linker
exchange (SALE).21 All three strategies functionalize the MOF without affecting the integrity or
topological features the original framework. For example, the use of 2-aminoterepthalic acid
(BDC-NH2) in replace the non-functionalized BDC results in Uio-66-NH2 which exhibits similar
topology and surface area as the parent Uio-66 but is known to be inherently photocatatlytic due
to the lower band gap energy relative to the parent Uio-66.22

Figure 3.1: Illustration of Uio-66 and Uio-67 synthesis and their respective BET surface areas
The ability to vary cavity size dimensions affords the opportunity to non-covalently encapsulate
photoactive guests for light harvesting applications. The versatility of a photoactive crystalline
material enables applications ranging from photovoltaics to photocatalysis. Some non-covalent
guests include organic dyes, metallo porphyrins, polyoxometalates, and transition metal
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polyimines. One class of transition metal polyimines focused on specifically are the Ru (II)
polyimines which generally exhibit long excited state lifetimes and high luminescent quantum
yields making them ideal candidates in non-covalent encapsulation.
3.2: RuBpy encapsulation into Uio-66
There are two main strategies employed for the non-covalent encapsulation of Ru (II)
polyimines. The first strategy is the diffusion of the Ru (II) complex through the framework
which has non-covalently and covalently attached to the Zr (IV) based frameworks in previous
examples.23-25 The second strategy is a “one-pot” method which includes the Ru (II) complex in
the solvothermal synthesis of the MOF. As previously mentioned, the zirconium oxide-BDC
framework, Uio-66 exhibits two distinct cavity topologies, a ~ 7 Å tetrahedral cavity and ~12 Å
octahedral cavity.10 This limits the diameter size of the Ru (II) complex to be < 12Å using either
one of the two strategies. One of the first examples of non-covalent encapsulation of a Ru (II)
polyimine in a Zr (IV) oxide MOF is RuBpy@Uio-66.26 The size of RuBpy is ~11.5 Å in
diameter making the octahedral cavity of Uio-66 the most accommodating cavity to the complex.
The solvothermal synthesis of RuBpy in the presence of Uio-66 forms a bright orange crystalline
powder and fails to yield single crystals. The powder x-ray diffraction pattern of RuBpy@Uio66 reveals no structural changes of the Uio-66 framework. Photophysical characterization of
RuBpy@Uio-66 reveals changes in the overall steady-state emission spectrum and transient
emission profile compared to RuBpy in EtOH. The dramatic changes in the photophysical
characterization are similar to other non-covalent encapsulation of RuBpy in porous materials.2728

The steady-state emission spectrum of RuBpy@Uio-66 is bathochromically shifted relative to
RuBpy in EtOH (616 nm for RuBpy@Uio-66 versus 608 nm for RuBpy in EtOH) (Fig. 3.2). A
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bathochromic shift indicates stabilization of the emitting 3MLCT state. The Zr (IV)-oxide
clusters of Uio-66 are anionic due to the attachment of free hydroxide anions. The overall
anionic charge of the cluster could participate in the overall polarization of the excited state
dipole moment of RuBpy. Fitting of the RuBpy@Uio-66 emission spectrum to (Eq. 1.2) reveals
a decrease in the E00 value relative to solution (16,563 cm-1 for RuBpy@Uio-66 versus 16,908
cm-1 for RuBpy in EtOH) (table 3.1). The lower E00 value indicates a decrease in the excited
state potential energy well as a result of the stabilized emissive 3MLCT. The Franck-Condon
parameters slightly change relative to RuBpy in EtOH with the average low frequency acceptor
mode and low coupling factor being the largest. By using the values in table 3.1, the ratio
ΔQMOF/ΔQSoln ~0.86 indicates the RuBpy complex in Uio-66 exhibits limited geometric
distortion upon encapsulation.

Figure 3.2: The temperature dependent lifetime fit and steady-state emission spectrum for
RuBpy in EtOH and RuBpy@Uio-66
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The emission lifetime decay of RuBpy@Uio-66 was best fit to a biexponential decay function
indicating two separate populations of RuBpy within Uio-66. One population of RuBpy exhibits
a slower emission lifetime relative to RuBpy in EtOH (τslow = 1004 ns for RuBpy@Uio-66
versus 621 ns for RuBpy in EtOH) and the second population exhibits a faster emission lifetime
(τFast = 184 ns for RuBpy@Uio-66). The temperature dependent kinetic data for RuBpy@Uio-66
reveals distinct photophysics relative to RuBpy in EtOH. The ΔE term for slower population
decreases relative to RuBpy in EtOH (2986 cm-1 for RuBpy@Uio-66 versus 3491 cm-1 RuBpy in
EtOH) along with a ~100-fold decrease in the k1 term and ~1.5 increase in the k0 term. Changes
in the ΔE and k1 terms are consistent with reduced access to the 3LF state from the 3MLCT
manifold. The 3LF state is composed of anti-bonding molecular orbitals with respect to the Ru –
N bond, confinement would restrict the expansion of the complex raising the barrier (ΔE) to
access the state. Thus, the slower population is likely RuBpy encapsulated in the ~12 Å
octahedron cavity of Uio-66 due to the restricting environment.
The observed ΔE and k1 terms are consistent with population to a higher energy 3MLCT state. It
has been observed29-30, emission analysis of Ru(Bpy)3Cl2 single crystals reveals additional
singlet-in-character MLCT states lying ~2400 cm-1 and ~3100 cm-1 above the fourth 3MLCT
state and has been supported by computational analysis (Fig. 3.3).29-30 Thus, the observed ΔE
and decrease in the k1 value support decay from a higher energy singlet-in-character 3MLCT in
RuBpy@Uio-66. The population giving rise to the fast emission lifetime exhibits an increase in
all three kinetic terms. The most noticeable is the increase in the k0 term (6.6x106 s-1
RuBpy@Uio-66 versus 6x105 s-1 for RuBpy in EtOH). An increase in the k0 term can be
attributed to a separate quenching process occurring within RuBpy@Uio-66 since k0 = kr + knr +
kq where kq is a quenching rate constant. The quenching of the 3MLCT state of RuBpy could be
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due to the either the presence of exogenous co-encapsulated quenchers formed during the
synthesis of Uio-66 or closely compacted RuBpy clusters that are surface adsorbed and enhance
non-radiative deactivation pathways.

Figure 3.3: Energy level diagram for RuBpy@Uio-66, illustrating deactivation of the 3LF state
and access to a higher energy 3MLCT state

3.3: RuPhen encapsulation into Uio-66
In order to examine the effects of the excited state dipole moment stabilization of Ru (II)
polyimines, ruthenium (II) tris-(1,10-phenanthroline) (RuPhen) was chosen due to the larger
excited state dipole moment exhibited by the complex compared to RuBpy (6.7 Debye versus 4.6
Debye, respectively).31-33 The presence of RuPhen in the solvothermal synthesis of Uio-66
results in a similar bright orange powder as RuBpy@Uio-66. The steady-state emission spectrum
of RuPhen@Uio-66 is bathochromically shifted relative to RuPhen in EtOH by ~ 11 nm (599 nm
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for RuPhen@Uio-66 versus 588 nm for RuPhen in EtOH). The E00 for RuPhen@Uio-66 also
decreases relative to solution (16,983 cm-1 for RuPhen@Uio-66 versus 17,405 cm-1 for RuPhen
in ethanol) as a result of stabilization of the emitting 3MLCT. The ΔE00 between RuPhen@Uio66 and RuPhen (ΔE00 ~ 422 cm-1) and is larger compared to the ΔE00 for RuBpy@Uio-66 and
RuBpy (ΔE00 ~ 345 cm-1). As stated above, RuPhen exhibits a larger excited state dipole moment
relative to RuBpy which would result in greater stabilization by the polarizing Zr (IV) oxide
clusters. Efficient solvent reorganization around the RuPhen complex may also participate in the
stabilization of the emitting state. As with RuBpy@Uio-66, the average low frequency acceptor
mode and low coupling factor are the most affected terms in Franck-Condon fit for
RuPhen@Uio-66. Changes in the low coupling factor and low frequency acceptor mode could be
the result of encapsulation which restricts the Ru – N bond. Although, the ratio ΔQMOF/ΔQSoln ~
0.95 for RuPhen@Uio-66 indicating small perturbations of the encapsulated RuPhen relative to
RuBpy@Uio-66.
Table 3.1: Steady-state emission parameters extracted from the steady-state emission
spectrum
λmax
E00
hωH
hωL
SH
SL
v1/2
Sample
RuBpy in EtOH

608

16,908

1265

237

0.64

0.95

1604

RuBpy@Uio-66

615

16,563

1045

288

0.65

0.78

1669

RuBpy@Uio-66-NH2

615

16,597

1172

228

0.7

0.84

1762

RuPhen in EtOH

588

17,405

1273

247

0.6

0.96

1581

RuPhen@Uio-66

599

16,983

1259

270

0.63

0.77

1711

RuPhen@Uio-66-NH2

602

16,909

1240

276

0.62

0.76

1643

*Units of λmax is nm, E(00), hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.
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The emission lifetime decay of RuPhen@Uio-66 was best fit to a biexponential decay function
similar to RuBpy@Uio-66. The population giving rise to the slower emission lifetime in
RuPhen@Uio-66 increases by a factor of ~9 while the population giving rise to the faster
emission lifetime increases by ~1.5 relative to RuPhen in EtOH (τSlow =2,086 ns and τFast = 366
ns for RuPhen@Uio-66 versus 234 ns for RuPhen in EtOH). The temperature dependent kinetic
data reveals changes in both the slower and faster emission lifetime populations. For the
population with a slower emission lifetime, the ΔE and k1 terms both decrease (ΔE = 1662 cm-1
and k1 = 0.02x1011 s-1 for RuPhen@Uio-66 and ΔE = 3824 cm-1 and k1 = 33x1011 s-1 for RuPhen
in EtOH). The addition of the more rigid phenanthroline does not affect the overall distribution
of higher energy level MLCT states therefore the ~1300 cm-1 decrease in the ΔE and ~103
decrease in the k1 term indicates deactivation of the 3LF and access to a higher energy singlet-incharacter 3MLCT instead, similar to RuBpy@Uio-66.
The fast phase population of RuBpy@Uio-66 decreases significantly relative to RuBpy in EtOH
while the fast phase of RuPhen@Uio-66 is slightly enhanced relative to RuPhen in EtOH. A
decrease in the ΔE and k1 terms, indicates a population of RuPhen in Uio-66 that is confined
similar to the slow population but is in a quenching environment. The k0 value for the fast phase
population of RuPhen@Uio-66 increases relative to RuPhen in EtOH indicating a possible
quenching process that is either caused by surface adsorption of RuPhen or co-encapsulation of
exogenous quenchers similar to RuBpy@Uio-66.
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3.4: RuBpy and RuPhen encapsulation into Uio-66-NH2
The encapsulation of RuBpy into the amine functionalized Uio-66, RuBpy@Uio-66-NH2 affords
the opportunity to study the effects of functionalized linkers on non-covalent guest photophysics.
Uio-66-NH2 exhibits similar topological features as Uio-66 such as the ~7 Å tetrahedral and ~12
Å octahedral cavity. The bright orange RuBpy@Uio-66-NH2 crystalline powder forms under
normal Uio-66-NH2 solvothermal conditions without affecting the overall structure of the parent
framework supported by x-ray powder diffraction. The steady-state emission spectrum of
RuBpy@Uio-66-NH2 is bathochromically shifted relative to RuBpy in EtOH and with similar
magnitude to RuBpy@Uio-66 (616 nm for RuBpy@Uio-66-NH2, 616 nm for RuBpy@Uio-66,
versus 608 nm RuBpy in EtOH). A small decrease in the E00 value was observed for
RuBpy@Uio-66-NH2 (16,597 cm-1 RuBpy@Uio-66-NH2 versus 16,608 cm-1 RuBpy in EtOH).
Similar results are observed for RuPhen@Uio-66-NH2 which exhibits a slightly more
bathochromically shifted emission spectrum relative to RuPhen in EtOH (602 nm for
RuPhen@Uio-66-NH2 versus 588 nm RuPhen in EtOH) and a decrease in the E00 value (16,909
RuPhen@Uio-66-NH2 vs. 17405 cm-1 for RuPhen in EtOH). The average high and low
frequency acceptor modes do not change significantly change relative to solution value for
RuBpy@Uio-66-NH2 and RuPhen@Uio-66-NH2 while the low coupling factor for both
RuBpy@Uio-66-NH2 and RuPhen@Uio-66-NH2 changes slightly. Changes in the coupling
factors results in a slight increase and decrease in ΔQ relative to RuPhen and RuBpy in solution,
respectively, (ΔQ = 1.04 for RuPhen@Uio-66-NH2 and ΔQ = 0.94 for RuBpy@Uio-66-NH2)
indicating slight distortion of the complex upon encapsulation.
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Table 3.2: Kinetic parameters for RuBpy in EtOH, RuBpy@Uio-66, RuBpy@Uio-66-NH2,
RuPhen in EtOH, RuPhen@Uio-66, and RuPhen@Uio-66-NH2
Sample
RuBpy in EtOH
RuBpy@Uio-66 fast phase
RuBpy@Uio-66 slow phase
RuBpy@Uio-66-NH2 fast phase
RuBpy@Uio-66-NH2 slow phase
Sample
RuPhen in EtOH
RuPhen@Uio-66 fast phase
RuPhen@Uio-66 slow phase
RuPhen@Uio-66-NH2 fast phase
RuPhen@Uio-66-NH2 slow phase

k0 s-1x 105

k1 s-1 x 1011

ΔE (cm-1)

τ (ns)

6
66.4
9
113
11

1.9
102.9
0.05
793
0.2

3,491
4,292
2,986
4,671
3,079

620
187
1,004
122
894

k0 s-1x 105

k1 s-1 x 1011

ΔE (cm-1)

τ (ns)

1.4
10.3
2.2
11.6
1.9

33
0.8
0.1
0.2
0.02

3,824
1,880
1,843
1,770
1,662

320
366
2,086
263
1,524

Figure 3.4: Two diagrams illustrating the differences in the 3MLCT potential energy surfaces
between (left) RuBpy@Uio-66 and RuPhen@Uio-66 and (right) RuBpy@Uio-66 and
RuBpy@Uio-66-NH2

As shown in (Fig. 3.4), a comparison in the excited state potential energy wells between
RuBpy@Uio-66 and RuPhen@Uio-66 and RuBpy@Uio-66-NH2. The steady state emission data
reveals that the largest influence on the excited state energy surface is mostly through the
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replacement of the complex with a larger excited state dipole moment versus functionalization of
the framework.
The emission lifetime decay of RuBpy@Uio-66-NH2 was best fit to a biexponential decay
function. The two separate populations give rise to the slower emission lifetime (τSlow = 894 ns)
and a faster emission lifetime (τFast = 122 ns) relative to RuBpy in EtOH. The temperature
dependent kinetic data reveals a decrease in the k1 and ΔE terms similar to RuBpy@Uio-66
indicating inaccessibility to the higher energy 3LF state and instead access to a higher energy
singlet-in-character 3MLCT state. The ~100 ns difference in the population exhibiting a slower
lifetime could be the result of separate quenching process. This is further supported by the slower
emission lifetime of RuPhen@Uio-66-NH2 which exhibits a lifetime of 1,524 ns. This is
compared to the slow phase of the non-functionalized RuPhen@Uio-66 which exhibits lifetime
of 2,086 ns. The decrease in the k1 and ΔE indicate inaccessibility to the higher energy 3LF state
similar to RuBpy@Uio-66-NH2. The ~500 ns difference in lifetime between RuPhen@Uio-66
and RuPhen@Uio-66-NH2 is much more pronounced relative to the Δτ ~ 100 ns between
RuBpy@Uio-66 and RuBpy@Uio-66-NH2. In order examine the differences in the emission
lifetime between functionalized and non-functionalized frameworks, two separate processes must
be considered: 1.) energy transfer between the 3MLCT of the encapsulated guest (RuBpy or
RuPhen) and the surrounding framework and 2.) photo-induced electron transfer between the
3

MLCT of the guest and the framework. To account for energy transfer between the guest and

framework, overlap between the emission band of either RuBpy or RuPhen and the absorption
band of the acceptor ligands must take place. Since the BDC-NH2 absorbs < 400 nm and the
emission band of both Ru (II) complexes > 500 nm, energy transfer would not be an efficient
process and would not occur. Therefore, in order to evaluate photoinduced electron transfer
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(PET) between guest and framework, the free energy of PET must be calculated using the RhemWeller equation

where ΔGred/oxi is the free energy difference associated with the reduction potential of the acceptor

and donor within the system and ΔE00 is the free energy associated with the vibronic zero-point
energy (E00). The last two terms (w(D+*A+*) and w(DA)) are the electrostatic work terms which
are associated with the work needed in order to bring the acceptor and donor together. In the case
of guest encapsulation, these two terms are zero. Reductive or oxidative quenching by the Zr
(IV) -oxide clusters is unlikely due to the clusters containing Zr (IV) cations which as known to
not participate in changing oxidation state like most d10 or d0 metals. Thus, the bridging ligands
of Uio-66-NH2, the BDC-NH2, are more likely the participate in the reductive and oxidative
quenching of the encapsulated complex. The ΔG0(PET) ~ +9 kcal/mol for both RuBpy@Uio-66NH2 and RuPhen@Uio-66-NH2 which is unfavorable PET in both cases. Therefore, the most
probable mechanism for the decreased emission lifetime is due to an increase in a non-radiative
deactivation process occurring through NH --- π (bpy or phen). Computational studies have
shown that interactions between NH --- π is on the order of ~2 kcal/mol.34
Similar to Uio-66-NH2, the hydroxy functionalized Uio-66 (Uio-66-OH) forms a fine crystalline
powder in high yields and in the presence of RuBpy, a bright orange crystalline powder forms
indicating the formation of RuBpy@Uio-66-OH. The purpose of synthesizing RuBpy@Uio-66OH is to observe whether the trend of adding a stronger hydrogen bonding donor compared to
Uio-66-NH2 results in similar photophysical features such as a decreased emission lifetime
compared to the non-functionalized RuBpy@Uio-66.
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The steady-state emission spectrum of RuBpy@Uio-66-OH is bathochromically shifted relative
to RuBpy in EtOH (619 nm for RuBpy@Uio-66-OH versus 608 nm for RuBpy in EtOH). This is
supported by the ~180 cm-1 decrease in the E00 term. The stabilization of the emitting 3MLCT is
greater compared to RuBpy@Uio-66 and RuBpy@Uio-66-NH2. The average high and low
frequency acceptor modes do not change much relative to RuBpy in EtOH but the low coupling
factor does change by a factor of ~1.5. The ratio (QMOF)/(QSol) ~ 0.94 which is only slightly
different compared to both RuBpy@Uio-66 and RuBpy@Uio-66-NH2 indicating the RuBpy
complex is not geometrically distorted in the Uio-66-XX systems. This is compared to the
RWLC systems, where RuBpy acts as the templating agent in the formation of the MOF. The
ratios for those systems are usually (QMOF)/(QSol) < 0.8 indicating large distortions in the
potential energy surfaces which is also supported by crystallographic evidence.35-38
Table 3.3: Steady state emission fitting data for Uio-66 and Uio-66 analogs given with the
optimized chi-squared values
E00

hωH

hωL

SH

SL

v1/2

χ2

16,908

1,265

237

0.64

0.95

1,604

--------

RuBpy@Uio-66
16,563
1,045 288 0.65 0.78 1,669
RuBpy@Uio-66-NH2
16,597
1,172 228
0.7
0.84 1,762
RuBpy@Uio-66-OH
16,726
1,242 244 0.75 0.62 1,689
*Units of λmax is nm, E(00), hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.

0.0016
0.0015
0.0018

Sample
RuBpy in EtOH

The emission lifetime decay of RuBpy@Uio-66-OH was best fit to a biexponential decay
function similar to RuBpy@Uio-66 and RuBpy@Uio-66-NH2. The slow phase exhibits a
lifetime of 807 ns while the fast phase exhibits a 109 ns emission lifetime. The slow phase
lifetime is ~200 ns less compared to the non-functionalized RuBpy@Uio-66 and ~100 ns less
compared to RuBpy@Uio-66-NH2. The ΔE decreases by 800 cm-1 and the k1 decreases on the
order ~102. The decrease in both the ΔE and k1 indicate inaccessibility of the higher energy 3LF
state and population of a higher singlet-in-character 3MLCT. Although, the 3LF is completely
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deactivated the lifetime of RuBpy@Uio-66-OH slow phase only increases by 180 ns. The k0
increases by a factor of 1.67 similar to RuBpy@Uio-66-NH2 indicating that the emission lifetime
of the slow phase in RuBpy@Uio-66-OH is affected in a similar manner. The interaction (Eint)
for OH --- π (bpy) is ~ 4 kcal/mol compared to ~2 kcal/mol for NH --- π system (Fig. 3.5).34
This greater interaction energy may take part in the non-radiative deactivation pathway not
observed in the temperature dependent lifetime study.
The population giving rise to the fast emission lifetime is similar to RuBpy@Uio-66 and
RuBpy@Uio-66-NH2. There is an increase in all three kinetic terms especially for the k0 term.
This indicates that the RuBpy is participating in a quenching mechanism either through surface
adsorption or exogenous quenchers in defect regions of the MOF.

Figure 3.5: The calculated interaction energy (Eint) between a.) RuBpy and the BDC-NH2 and
b.) RuBpy and BDC-OH
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Table 3.4: Lifetime data for RuBpy@Uio-66-OH compared to RuBpy in EtOH and
RuBpy@Uio-66-NH2
Sample
RuBpy in EtOH
RuBpy@Uio-66 fast phase
RuBpy@Uio-66 slow phase
RuBpy@Uio-66-NH2 fast phase
RuBpy@Uio-66-NH2 slow
phase
RuBpy@Uio-66-OH Fast
Component
RuBpy@Uio-66-OH Slow
Component

k0 s-1x 105

k1 s-1 x 1011

ΔE (cm-1)

τ (ns)

6

1.9

3,491

620

66.4
9
113

102.9
0.05
793

4,292
2,986
4,671

187
1004
122

11
80.8

0.2
91.60

3,079
4,240

894
109

10

0.0126

2,663

807

3.5: RuBpy encapsulation in the Extended Frameworks; Uio-67 and Uio-68
The benefit of most Zr (IV) based MOFs is the ability to study the effects of cavity size on guest
photophysics due to the formation of larger cavities without changing the topology or MBB
composition. For example, Uio-66 exhibits two distinct cavities, an octahedral and tetrahedral
cavity with diameters of ~12 Å and ~7 Å, respectively. The use of the extended BDC with an
additional phenyl (BPDC) in the synthesis with zirconium chloride creates the analog of Uio-66
known as Uio-67. Uio-67 exhibits the same topological features as Uio-66 including a tetrahedral
and octahedral cavity with the same MBB’s (Zr6O8). The octahedral cavity is extended with a
total diameter of ~15 Å and the tetrahedral cavity is also extended ~12 Å. Further extension of
the BPDC linker with an additional phenyl ring continues the Uio series trend,
triphenyldicarboxylic acid (TPDC) to create Uio-68. Uio-68 exhibits a tetrahedral cavity
(diameter ~15 Å) and an octahedral cavity (~19 Å) similar to the other Uio systems (Fig. 3.6)
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Figure 3.6: Comparison of the octahedral cavities and linker size of RuBpy@Uio-66,
RuBpy@Uio-67, and RuBpy@Uio-68

The benefit of examining guest encapsulation in Uio-66, Uio-67, and Uio-68 is to observe the
effects of cavity size on guest photophysics. It has been shown previously by the Shustova
group39-40, the encapsulation of an organic dye 5-(3-chlorobenzylidene)-2,3-dimethyl-3,5dihydro-4H-imidazol-4-one (Cl-BI) into various Zr (IV) and Zn (II) MOF’s differing only in
diameter size results in large bathochromic shifts (~100 nm) as the cavity size increases. The
tight confinement of the organic dye in the smaller cavities < 14 Å is thought to prevent cis-trans
isomerization. Thus, integration of the dye into larger pore > 14 Å allows for excited state
geometry rearrangement which is largely bathochromically shifted relative to the confined dye.
In order to explore the effects of cavity size on RuBpy photophysics, a system such as the Uioseries must be employed which maintains similar topology and MBBs composition between Uio66, Uio-67, and Uio-68.
A comparison of the steady-state emission spectra of RuBpy in EtOH, RuBpy@Uio-66,
RuBpy@Uio-67, and RuBpy@Uio-68 is shown in (Fig. 3.7). RuBpy@Uio-66 and RuBpy@Uio44

67 display large bathochromic shifts in the steady-state emission spectrum relative to RuBpy in
EtOH (616 nm for RuBpy@Uio-66, 618 nm for RuBpy@Uio-67, and 608 nm for RuBpy in
EtOH) while RuBpy@Uio-68 exhibits a smaller bathochromic shift (610 nm for RuBpy@Uio68). The E00 for all three systems decreases relative to RuBpy in EtOH (16,563 cm-1 for
RuBpy@Uio-66, 16,398 cm-1 for RuBpy@Uio-67, and 16,823 cm-1 for RuBpy@Uio-68). The
decrease in the E00 is the result of stabilization of the 3MLCT upon encapsulation. As stated
before, the excited state dipole moment of RuBpy is relatively large (4.6 Debye) which can be
stabilized by the anionic MBB’s of all three systems thus resulting in a polarizating environment
for RuBpy. RuBpy@Uio-68 exhibits a much smaller decrease in the E00 relative to RuBpy@Uio66 and RuBpy@Uio-67 which could be the result of the larger cavity size and less influence of
the polarizing MBB’s. The larger cavity would decrease the proximity of the encapsulated
RuBpy near the Zr (IV) MBB’s resulting in less stabilization relative to RuBpy@Uio-66 and
RuBpy@Uio-67.
Table 3.5: Steady-state emission parameters extracted from the steady-state emission

spectra of RuBpy, RuBpy@Uio-66, RuBpy@Uio-67, and RuBpy@Uio-68 at 25°C.
λmax
E00
hωH
hωL
SH
SL
v1/2
Sample
RuBpy in EtOH

608

16,908

1,265

237

0.64

0.95

1604

RuBpy@Uio-66

616

16,563

1,045

288

0.65

0.78

1669

RuBpy@Uio-67

618

16,398

1,460

219

0.55

0.73

1805

RuBpy@Uio-68

610

16,823

1,305

214

0.59

0.99

1775

*Units of λmax is nm, E00 , hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.
The average high and low frequency acceptor modes for RuBpy@Uio-66, RuBpy@Uio-67, and
RuBpy@Uio-68 do not change considerably relative to solution along with the Huang-Rhys high
coupling factor (SH). For RuBpy@Uio-66 and RuBpy@Uio-67 the Huang-Rhys low coupling
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factor (SL) does change relative to solution (0.78 for RuBpy@Uio-66, 0.73 for RuBpy@Uio-67,
and 0.95 for RuBpy in EtOH) as a result of confinement of complex in each of the systems.
Confinement of RuBpy should compress the Ru – N bond which primarily affect the low
frequency modes and coupling factor. Conversely, for RuBpy@Uio-68 the low coupling factor
increases relative to solution. Encapsulation of RuBpy in either the large tetrahedral or
octahedral cavity of Uio-68 should restrict the complex less than Uio-66 or Uio-67. Thus, the
smaller decrease in the E00 value and no change in the low coupling factor supports an
environment of RuBpy in Uio-68 that is less confined compared to RuBpy@Uio-66 and
RuBpy@Uio-67.

Figure 3.7: The steady state emission spectra of RuBpy in EtOH (black), RuBpy@Uio-66 (red),
RuBpy@Uio-67 (blue), and RuBpy@Uio-68 (teal)
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To further support geometric distortion of the complex in RuBpy@Uio-66 and RuBpy@Uio-67
a ratio comparison (QMOF)/(QSol) must be analyzed. Using the values in table 3.5, the
(QMOF)/(QSol) for RuBpy@Uio-66 and RuBpy@Uio-67 are 0.86 and 0.89, respectively. These
values support small geometric distortions of the complex upon encapsulation. The
(QMOF)/(QSol) ratio for RuBpy@Uio-68 is 1.01 which supports no distortion of the complex in
Uio-68.
A comparison of the emission lifetime decay of RuBpy in EtOH, RuBpy@Uio-66, RuBpy@Uio67, and RuBpy@Uio-68 is shown in (Fig. 3.7). The emission lifetime of all three systems were
best fit to a biexponential decay function which is characteristic of two separate populations of
RuBpy in each of the systems. The slow phase components of RuBpy@Uio-66 and
RuBpy@Uio-67 indicates confinement of the complex due to extended emission lifetime relative
to RuBpy in EtOH (τSlow ~819 ns for RuBpy@Uio-67) . Confinement of RuBpy in both Uio-66
and Uio-67 is supported by the decrease in the ΔE and k1 terms. The ~600 cm-1 decrease in the
ΔE term and 100-fold decrease in the k1 in RuBpy@Uio-67 indicates that energy barrier to
access a higher energy 3LF state is inaccessible due to confinement of the complex. This is
supported by the 100-fold decrease in the k1 term which is on the order of ~1011 s-1 while RuBpy
in solution is ~1013 s-1 (Fig. 3.7 and table 3.6). This is similar to all encapsulated Ru (II)
polyimine in Zr (IV)-based MOF’s. The increase in the k0 value for RuBpy@Uio-67 is likely the
reason for the slightly decreased emission lifetime of the slow phase. Since RuBpy is capable of
accommodating either the tetrahedral or octahedral cavities, this increases the possibility of
having two RuBpy complexes near each other inside the MOF. Two close RuBpy complexes
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could participate in a self-quenching process which increases the k0 value and decreases the
observed emission lifetime.
For RuBpy@Uio-68, the slow phase component exhibits a lifetime of 647 ns and the fast phase
component exhibits a lifetime of 86 ns (table 3.6) Unlike RuBpy@Uio-66 and RuBpy@Uio-67,
the energy barrier increases relative to solution and the k1 increases by a factor of ~8. This
indicates that the 3LF state is thermally accessible from the emissive 3MLCT state and not
completely deactivated. This is supported by the ~500 cm-1 difference in the ΔE term between
RuBpy@Uio-68 and RuBpy in EtOH. The partial confinement of RuBpy is similar to the
transient emission profile of RuBpy@USF-2 where the ΔΔEMOF-Soln ~ 1000 cm-1. Similar to
RuBpy@Uio-67, the large k0 for RuBpy@Uio-68 is the reason for the decreased emission
lifetime. Since RuBpy can be accommodated in either cavity, this likely increases the chance of
two RuBpy complexes being near each other which participate in a self-quenching process and
increase in the observed k0 value.
The fast phase emission decay for all three systems exhibit large increases in the k0 value and are
on a much larger magnitude relative to RuBpy in EtOH. The fast phase populations of
RuBpy@Uio-66 and RuBpy@Uio-68 indicates that the environment of RuBpy is less restrictive
allowing access to the higher energy 3LF state. This is compared to RuBpy@Uio-67 where the
ΔE increase ~ 1000 cm-1 indicating the RuBpy is in a population that restricts access to the 3LF
state similar to the slow phase component of all three systems (Fig. 3.8). The increase in the k0
does indicate a similar quenching process as in previous RuBpy@Uio-xx and RuPhen@Uio-xx
systems.
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Figure 3.8: Energy level diagram comparison of RuBpy in EtOH, RuBpy@Uio-66,
RuBpy@Uio-67, and RuBpy@Uio-68

Table 3.6: Emission lifetime data for RuBpy, RuBpy@Uio-66, RuBpy@Uio-67, and
RuBpy@Uio-68
Sample
k0 s-1x 105
k1 s-1 x 1011
ΔE (cm-1)
τ (ns)
RuBpy in EtOH
6
191
3,491
620
RuBpy@Uio-66 Fast
Component

68

16

3,246

128

RuBpy@Uio-66 Slow
Component

9

1

2,189

1,176

82

343

4,480

115

10

3

2,820

819

93

768

3,628

86

RuBpy@Uio-67 Fast
Component
RuBpy@Uio-67 Slow
Component
RuBpy@Uio-68 Fast
Component
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Table 3.6 (Continued) Emission lifetime data for RuBpy, RuBpy@Uio-66, RuBpy@Uio67, and RuBpy@Uio-68
Sample
k0 s-1x 105
k1 s-1 x 1011
ΔE (cm-1)
τ (ns)
RuBpy@Uio-68 Slow
12
849
4,069
647
Component

3.6: Summary
Non-covalent encapsulation of ruthenium (II) polyimines into the Zr (IV)-oxide MOF’s results in
distinct photophysical features compared to the individual complexes in solution. Powder x-ray
diffraction data supports the formation of Ru(II) polyimine encapsulation in the parent
frameworks without modification of the original framework. Encapsulation of RuBpy into Uio66 results in a confining environment for the complex which deactivates the higher energy 3LF
state resulting in increased emission lifetime and changes in the k1, ΔE, and k0 temperature
dependent parameters. To determine the effects of the framework on the excited state dipole
moment of the encapsulated complex, the complex RuPhen was chosen in replacement of
RuBpy. RuPhen@Uio-66 exhibits a larger shift in the λmax and E00 relative to RuBpy@Uio-66
which indicates a larger displacement of 3MLCT potential energy surface as a result of the
polarization of the excited state dipole moment by the Zr(IV)-oxide MBB’s. The encapsulation
of RuBpy in the functionalized form of Uio-66 with hydrogen bonding group (-NH2 and -OH)
results in photophysical features different from RuBpy in solution and RuBpy@Uio-66. The
lifetime is slightly decreased relative to RuBpy@Uio-66 but with no changes to the temperature
dependent kinetic terms indicating a separate deactivation pathway not observed in the
temperature dependent lifetime study. RuBpy@Uio-66-OH also exhibits a ~100 ns shorten
emission lifetime relative to RuBpy@Uio-66-NH2 which is likely due to the greater interaction
energy between OH --- π (bpy) compared to NH --- π (bpy)
50

The benefit of using the Uio- series is that gradual progression of the linker size of BDC to
BPDC and TPDC results in MOFs with similar topological features but with larger cavities and
solvent volume. Encapsulation of RuBpy into Uio-67 and Uio-68 results in a gradually decreased
emission lifetime similar to RuBpy in solution. The temperature dependent kinetic terms indicate
multiple distributions of RuBpy in Uio-67 and Uio-68 due to encapsulation in either the
tetrahedral or octahedral cavities. Although, the decrease in the emission lifetime for
RuBpy@Uio-68 is most likely contributed from the increase in the k0 value, the increase in the
ΔE and k1 terms indicate that the 3LF is still thermally accessible unlike the other RuBpy@Uioxx and RuPhen@Uio-xx systems. These findings introduce the possibility that manipulation of
cavity influences the photophysics of the encapsulated complex.
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Chapter 4: RuBpy Encapsulation into Zn (II)-Based Metal Organic Frameworks and
Cavity Size Comparisons
4.1 Introduction into Zn (II) Carboxylate Metal Organic Frameworks
Zn (II) carboxylate metal organic frameworks are known for their exceptionally large surface
areas, porosity, and crystallinity making them ideal candidates in gas adsorption and separation.
The synthesis of BDC and Zn (II) ions produces one of the most versatile frameworks, MOF-5
(Fig. 4.1).1 MOF-5 is composed of tetranuclear MBB’s with the empirical formula Zn4(O)
attached by the carboxylates of the BDC ligands. The Zn (II) cations are arranged in a tetrahedral
geometry bonded to a single oxygen atom at the center of the cluster. The attached BDC ligands
arrange around the cluster to form a cubic framework exhibiting Fm-3m space group.
Similarly, to the Zr (IV)-based frameworks, isoreticular synthesis of Zn (II) frameworks can be
performed to generate structures that exhibit similar topological features with larger surface areas
and pore volumes. Replacing BDC with the extended biphenyl-4,4’-dicarboxylic acid (BPDC) as
the linker produces IRMOF-10 which exhibits two distinct cubic cavities that are 17.4 Å and
20.6 Å in diameter.2-3 Besides the cubic IRMOF’s (pcu), other Zn (II) carboxylate MOF’s
capable of expanding their topology is MOF-177, MOF-180, and MOF-200 (qom net) which
utilize the larger triangular organic linkers and exhibit non-interpenetration unlike IRMOF-10.4-5
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Figure 4.1: Illustration of the two cavities of MOF-5

Another class of Zn (II)-carboxylate MOF’s are the polyhedral type frameworks. A classic
example of Zn (II)-polyhedral MOF’s is HKUST-1(Zn) which exhibits dinuclear Zn (II)paddlewheel MBB’s connected by 1,3,5-benzene tricarboxylic acid (BTCA) and exhibits three
distinct cavity shapes and sizes, a 5 Å tetrahedron, 11 Å octahedmioctahedron, and 13 Å
rhombihexahedron.6-7 A similar isostructural Zn (II)-polyhedral MOF to HKUST-1(Zn) is known
as USF-2, which is synthesized via a layering method and produces the same dinuclear Zn (II)paddlewheel MBB’s and exhibits three distinct cavities also, 9 Å cuboctahedron, 13 Å
octahemioctahedron, and 15 Å rhombi cuboctahedron.8-9 A unique property of USF-2 is that
each of the cavities of the framework are composed of mixed Zn2(COO-)4 and [Zn2(COO-)3]+
making the overall net charge of the framework positive overall which is compared to HKUST1(Zn) which is composed mostly of Zn2(COO-)4 making the framework neutral overall.9
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4.2: Ruthenium Polyimine Encapsulation in Zn2+/Polyhedral Metal Organic Frameworks
Previously published,9 encapsulation of RuBpy into USF-2 results in changes in both the steadystate and emission lifetime decay. The steady-state emission spectrum reveals a hypsochromic
shift of the emission band with changes in the average low frequency acceptor mode (129 cm-1
for RuBpy@USF-2 versus 237 RuBpy in EtOH) and the low frequency coupling factor (SL) (0.1
RuBpy@USF-2 versus 0.95 RuBpy in EtOH) (table 4.1). Hypsochromic shift of the emission
band and changes in the low frequency modes is attributed to destabilization of the emissive
3

MLCT and geometric distortion of RuBpy upon encapsulation. Considering the excited state

dipole moment of RuBpy is relatively large (~4.6 D) and the structure of USF-2 is prone to the
formation of defect regions containing missing carboxylate linkers [Zn2(COO-)]+ resulting in a
cationic environment, this combination may play a role in influencing the destabilization of the
emitting 3MLCT.10-11 The ratio of (ΔQMOF/ΔQSoln) for RuBpy@USF-2 is ~0.81 indicating some
distortion of the complex due to encapsulation. The emission lifetime was fit to a single
exponential to reveal a doubling of the emission lifetime (1200 ns RuBpy@USF-2 versus 620 ns
RuBpy in EtOH). Fitting of the emission lifetime as a function of temperature reveals an increase
in both the ΔE and k1 terms table 4.2. The ~900 cm-1 increase in the ΔE term and ~100 fold
increase in the k1 term indicates destabilization of the higher energy 3LF state which leads to an
increased barrier to access the state and increased non-radiative deactivation rate (k1). This
indicates that the RuBpy is most likely encapsulated in the larger ~15 Å rhombi cuboctahedron
compared to smaller confined ~13 Å octahemioctahedron. Refitting of the emission lifetime data
reveals a second phase which makes up ~20% of the total fractional amplitude and exhibits a
faster emission lifetime compared to RuBpy in EtOH.
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Table 4.1: Summary of parameters obtained by the fitting of steady state emission
spectrum to Eq. 1.2
Sample

λmax

E00

hωH

hωL

SH

SL

v1/2

RuBpy in EtOH
RuBpy@USF-2
RuBpy@HKUST1(Zn)
RuBpy@MOF177
RuBpy@MOF-5

608
599

16,908
16,814

1,265
1,257

237
129

0.64
0.65

0.95
0.1

1,604
1,561

618

16,359

1,207

279

0.6

0.1

1,511

600

16,927

1,199

158

0.69

1.01

1,617

603

16,801

1,308

166

0.62

0.98

1,581

RWLC-1
RWLC-2
RWLC-3
RWLC-5
RWLC-6

583
626
614
630
601

17,364
16,213
16,524
15,915
16,927

1,589
1,918
2,471
1,738
1,257

463
347
846
636
391

0.62
0.55
0.14
0.31
0.67

0.68
0.73
0.19
0.1
0.68

1,726
2,668
1,072
1,463
1,396

*Units of λmax is nm, E(00), hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.

The slower phase component still exhibits a doubling of the emission lifetime relative to RuBpy
in EtOH but exhibits different temperature dependent kinetics from original RuBpy@USF-2 fit.
For the slow phase component of RuBpy@USF-2 both the ΔE and k1 term decrease, ~400 cm-1
and ~100 fold, respectively. The decrease in ΔE indicates inaccessibility of the 3LF state from
the 3MLCT due to confinement Access to a higher energy singlet-in-character MLCT and
deactivation of the 3LF state would lead to an increase in the emission lifetime. Decay from a
higher energy 3MLCT is supported by the ~100 fold decrease in the k1 term which is on the order
of 1011 s-1. Similar observations are shown in the RuBpy encapsulated Zr (IV)-carboxylate
frameworks RuBpy@Uio-66 which exhibits ~2.0 fold increase in the emission lifetime and a
large decrease in both the ΔE and k1 terms. This is most likely attributed to encapsulation of
RuBpy in the small 12 Å octahedral cavity in RuBpy@Uio-66. Thus, the slow phase component
of RuBpy@USF-2 indicates that the RuBpy could be encapsulated in the smaller ~13 Å
octahemioctahedron versus the originally proposed ~15 Å rhombi cuboctahedron.
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Figure 4.2: Electron diagram for RuBpy@USF-2

The temperature dependent lifetime data of the fast phase component reveals similar ΔE and k1
terms compared to solution. The driving force for the ~200 ns decrease in the lifetime is due to
doubling of the k0 term table 4.2. The kinetic data for most RuBpy@MOF’s fast phases usually
reveals large increases in the k0 value indicating a separate 3MLCT quenching mechanism.
During the synthesis of RuBpy@USF-2, it is believed surface adsorbed RuBpy molecules
aggregate and participate in a self-quenching process which increases the k0 term and decreases
the emission lifetime.
Encapsulation of RuBpy in the isostructural MOF of USF-2, RuBpy@HKUST-1(Zn) results in
similar photophysical properties as RuBpy@USF-2.12 The steady-state emission spectrum of
RuBpy@HKUST-1(Zn) is bathochromically shifted relative to RuBpy in EtOH (618 nm for
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RuBpy@HKUST-1(Zn) indicating stabilization of the 3MLCT. Examination of table 4.1 reveals
a decrease in the E00 value for RuBpy@HKUST-1(Zn) and changes in both the average low
frequency acceptor mode and low coupling factor relative to RuBpy in EtOH. The ratio
ΔQMOF/ΔQSoln ~ 0.70 indicating the RuBpy exhibits large geometric distortion in HKUST-1(Zn).

The excited state lifetime decay of RuBpy@HKUST-1(Zn) was best fit to a biexponential decay
function revealing two separate populations of RuBpy in HKUST-1(Zn). One phase exhibits a
slow emission lifetime relative to RuBpy in EtOH (τSlow = 744 ns for RuBpy@HKUST-1(Zn)
versus 621 ns for RuBpy in EtOH). The second phase exhibits a faster emission lifetime relative
to solution (τFast = 133 ns). The ΔE and k1 for the slow phase component decrease relative to
solution indicating deactivation of the higher energy 3LF state similar to RuBpy@USF-2. This is
supported by the ~10-fold decrease in the k1 term and ~700 cm-1 in the ΔE term. The population
giving rise to the slow phase decay is most likely the result of RuBpy confined in the 11 Å
octahemioctahedral cavity. The slight ~1.3 increase in the k0 term is likely the reason for the less
enhanced emission lifetime relative to RuBpy@USF-2 (744 ns for RuBpy@HKUST-1(Zn) and
1300 ns for RuBpy@USF-2). The population giving rise to the faster emission lifetime exhibits
similar kinetic terms as RuBpy in EtOH except for the larger k0 value. Closely clustered RuBpy
complexes that are surface adsorbed are most likely responsible for the increase in the k0 value
and decreased emission lifetime.
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Figure 4.3: A comparison in the synthesis procedure for RWLC-1 and -2, RuBpy@MOF-177,
RWLC-3, and RuBpy@MOF-5
Expansion of the BTCA ligand with an additional phenyl group 1,3,5-tris(4carboxyphenyl)benzene (BTB) (Fig. 4.3) allows for the expansion of Zn (II) polyhedral
frameworks while keeping similar topological features. The synthesis involving Zn (II)/BTB
results in an expanded framework MOF-177. Previous studies of Zn2+/BTB frameworks was
shown to be solvent and temperature dependent.13 The use of EtOH:DMF:Water 3:3:1 ratio
forms the framework MOF-39 while the use of only DEF forms MOF-177. MOF-39 exhibits
trigonal prismatic geometry with Zn3O metal oxide clusters and exhibits oppositely polarized
interpenetration throughout the framework (Fig. 4.4). The presence of RuBpy in the MOF-39
synthesis, produces two different templated frameworks known as RWLC-1 and RWLC-2.14
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RWLC-1 exhibits Zn2OH clusters connected by large BTB ligands forming hexagonal channels.
The channels are blocked by two RuBpy molecules separated by either Cl- or PF6- anion. RWLC2 is a 3,6-connected net with Zn3OH clusters forming large channels with RuBpy in the center.
The structure of RWLC-2 is consistent with the original structure of MOF-39 with similar cavity
geometry and MBB composition.14

Figure 4.4: Comparison in crystal structure of (a) RWLC-2 and (b) MOF-39

The structure of MOF-177 differs from MOF-39, RWLC-1, and RWLC-2 in that the topology is
6,3-coordinated net with octahedral Zn4O(CO2)6 clusters (Fig. 4.5). The topology of the
framework prevents interpenetration giving the default structure the name ‘pyr’ due to the
structural similarities to pyrite.4 The three dimensionality of the framework is based upon the
qom topology which is unlike most triangular organic linkers such as BTB.4, 13, 15
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Figure 4.5: (left) Illustration of the largest cavity in MOF-177 and (right) the PXRD pattern of
RuBpy@MOF-177 overlayed against experimental MOF-177.

The steady-state emission spectrum of RuBpy@MOF-177 reveals a ~8 nm hypsochromic shift
relative to solution (600 nm for RuBpy@MOF-177 versus 608 for RuBpy in EtOH). Fitting of
the emission spectrum reveals slight changes in the low coupling factor and the average low
frequency mode (table 4.1) indicating slight distortion of the complex upon encapsulation. The
ratio ΔQMOF/ΔQsoln for RuBpy@MOF-177 increases relative to RuBpy in EtOH (ΔQMOF/ΔQsoln
= 1.16) supporting slight distortion of RuBpy inside MOF-177. The emission lifetime decay of
RuBpy@MOF-177 was best fit to a single exponential function with a lifetime of 621 ns which
is similar to RuBpy in EtOH (τ = 625 ns at 25°C). The k0, k1, and ΔE are all on the same order of
free RuBpy. This is compared to the confined RuBpy in USF-2, where the k1 and ΔE both
decreased indicating destabilization of the higher energy 3LF state and depopulation from a
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higher 3MLCT (Fig. 4.2). The lifetime data reveals an environment for RuBpy that is less
confined in MOF-177 relative to the other Zn (II) and Zr (IV) carboxylate systems.
Table 4.2: Temperature dependent kinetic parameters for RuBpy in
EtOH and RuBpy@MOF’s
Calculated
Solvent Free
Volume (Å3)

k0 x105
(s-1)

k1 x1011
(s-1)

ΔE (cm-1)

RuBpy in EtOH

6

1.9

3,491

620

-------

RuBpy@MOF-177

5

1.8

3,451

612

29,578

RuBpy@MOF-5
RWLC-1
RWLC-2
RWLC-3
RWLC-5
RWLC-6

5
5.3
7.6
3
----5.5

0.6
0.002
0.002
0.001
---0.2

3,267
2,566
2,198
1,779
---3,084

713
1,600
797
453
1,167
1,032

12,992
754
5,407
983
2,574
7,851

RuBpy@USF-2

4

6

3,022

1,300

4,711

7.2

0.14

3,033

744

11,711

RuBpy@Uio-66

9

1

2,189

1,176

3814

RuBpy@Uio-67

10

343

2,820

819

13,541

RuBpy@Uio-68

12

849

4,069

647

24,824

Sample

RuBpy@HKUST-1(Zn)

τ (ns)

4.3: RuBpy encapsulation in IRMOF series
Solvent plays a crucial role in the synthesis of RuBpy@MOF-177 relative to the formation
RWLC-1 and RWLC-2. The mixed solvent system (3:3:1 EtOH/DMF/Water) in the presence of
RuBpy generates RWLC-1 and RWLC-2 while DEF generates RuBpy@MOF-177. Both
RWLC-1 and RWLC-2 exhibit lifetimes that were best fit to a biexponential decay indicating
two separate populations of RuBpy. The original idea behind the fast phase decay was the
formation of defect regions which contain RuBpy and a quenching agent dimethylformamide
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(DMA) which forms in the breakdown of DMF at high temperatures. Previously, to examine the
fast phase further, a framework was chosen that’s prone to the formation of defect regions which
is the Zn (II)/BDC framework, MOF-5. The synthesis of MOF-5 in the presence of RuBpy and
the mixed solvent system (3:3:1 EtOH/DMF/Water) generates the third RuBpy templated
framework, RWLC-3. RWLC-3 is an interpenetrated pillared honeycomb (bnb) network with
trigonal Zn (II) paddle wheel MBB’s. (Fig. 4.6). The framework is negatively charged but is
neutralized by the +2 charge of the encapsulated RuBpy.

Figure 4.6: The crystal structure of RWLC-3 with encapsulated RuBpy (green)
Similar to RWLC-1 and RWLC-2, the non-templated version of RWLC-3 (MOF-5) can be
performed by replacing the mixed solvent system for DEF. X-ray diffraction data of the resulting
red cubic crystals confirms the formation of RuBpy@MOF-5. The steady state emission
spectrum of RuBpy@MOF-5 is hypsochromically shifted relative to RuBpy in EtOH (603 nm
for RuBpy@MOF-5 versus 608 for RuBpy in EtOH) indicating destabilization of the emissive
3

MLCT state which is similar to RuBpy@MOF-177, RuBpy@USF-2, and RWLC-1. There were

observed changes in both the average low frequency acceptor mode (hωL) and the low coupling
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factor (SL). The ratio ΔQMOF/ΔQsoln ~ 1.09 indicating slight distortion of the complex upon
encapsulation. The emission lifetime decay of RuBpy@MOF-5 was best fit to a single
exponential decay function indicating a single population of RuBpy in MOF-5. This emission
lifetime was slightly extended relative to RuBpy in EtOH (713 ns for RuBpy@MOF-5 vs. 621 ns
for RuBpy in EtOH). The k1 and ΔE both decrease relative to RuBpy in EtOH, with the k1 being
on the order ~1011 s-1 and the k0 increases by a factor of ~1.3. The large 100-fold decrease in the
k1 term and ~700 cm-1 decrease in the ΔE indicates deactivation of the 3LF state and access to a
higher energy 3MLCT. Deactivation of the 3LF state would result in an extension of the emission
lifetime relative to RuBpy in EtOH.

Similar to the Uio- series, extension of the BDC with an additional phenyl group (BPDC) allows
for extension of the cavities while maintaining the same topology. The use of BPDC in replace
of BDC in the presence of RuBpy and Zn (II) results in RuBpy@IRMOF-10. The steady-state
emission spectrum of RuBpy@IRMOF-10 reveals a hypsochromic shift relative to RuBpy in
solution (597 nm for RuBpy@IRMOF-10 vs. 608 RuBpy in EtOH). The emissive 3MLCT of
RuBpy@IRMOF-10 is more destabilized relative to RuBpy@MOF-5 even as the free volume of
IRMOF-10 is much larger compared to MOF-5. This supports differences in the steady-state
emission spectrum is not dependent on the cavity size. This is further supported by the extended
cavities in RuBpy@MOF-177 relative to RuBpy@USF-2 and RuBpy@HKUST-1(Zn).
Therefore, electrostatic influences in the cavity may play a greater role in the changes of the
emitting 3MLCT potential energy surface. Analysis of the steady-state emission spectrum reveals
slight changes in the Franck-Condon parameters relative to RuBpy@MOF-5. The average low
frequency acceptor mode (hωL) and low coupling factor decrease for RuBpy@IRMOF-10
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relative to RuBpy in EtOH. The ratio ΔQMOF/ΔQsoln is similar to RuBpy@MOF-5, with an
overall increase in the ΔQ value (ΔQMOF/ΔQsoln= 1.11) indicating a decrease in overlap between
the 1MLCT and 3MLCT potential energy surfaces.

The emission lifetime of RuBpy@IRMOF-10 was best fit to a single exponential function with a
lifetime value of 646 ns. This is indicative of single population of RuBpy in IRMOF-10
indicating cubic Zn (II)-carboxylate frameworks such as MOF-5 and IRMOF-10 as less
susceptible to the formation of either RuBpy defect sites containing quenched RuBpy complexes
or surface adsorbed RuBpy participating in a self-quenching mechanism. This is unlike the Zn
(II) carboxylate polyhedral MOFs such as USF-2 and HKUST-1(Zn) and the RuBpy templated
frameworks which exhibit a second fast phase component in their emission lifetime. The
emission lifetime of RuBpy@IRMOF-10 is 646 ns at 25°C which is slightly extended relative to
solution value (621 ns) and faster relative to RuBpy@MOF-5.

The temperature dependent lifetime data reveals changes in all three terms k0, k1, and ΔE with
respect to both RuBpy@MOF-5 and RuBpy in EtOH. All three terms increase relative to
RuBpy@MOF-5 indicating a less confined environment for RuBpy. The k1 term increases by a
factor of 10 while the ΔE increases by ~500 cm-1 and the k0 increases ~1.6 relative to the MOF-5
system. An increase in the k0 and k1 are the two driving forces for the shorter emission lifetime
in the case of RuBpy@IRMOF-10 relative to RuBpy@MOF-5. The slightly higher ΔE and k1
value suggest partial encapsulation of the complex due to the 3LF being higher than RuBpy in
EtOH (3766 cm-1 vs. 3491 cm-1) and the accompanied increase in k1 term. Similar data is
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observed in RuBpy@Uio-68, where the ΔE and k1 terms both increase relative to RuBpy in
EtOH which indicates partial confinement of the complex.

Figure 4.7: Energy level diagrams for all RuBpy encapsulated Zn (II) and Zr (IV)-carboxylate
MOF’s
4.4 Solvent Free Volume and Emission Lifetime Correlation
Up to this point, a collection of Ru (II) polyimine encapsulated MOF’s have been cataloged and
distinctions between the systems have been made. A comparison between the steady-state
emission spectra of all the systems depicts large differences in their 3MLCT stabilization. For the
majority of RuBpy@Zn (II)-carboxylate MOF’s, destabilization (hypsochromic shift) of the
3

MLCT is observed excluding RuBpy@HKUST-1(Zn), RWLC-2, and RWLC-6. And for all

RuBpy@Zr (IV)-carboxylate MOF’s, stabilization (bathochromic shift) of the 3MLCT is
observed. The stabilization of the emitting 3MLCT is most likely the consequence of a favorable
electrostatic environment imposed on the encapsulated guest. Solvent reorganization also plays a
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role in the polarization of the excited state dipole moment and contribution to 3MLCT
stabilization (Fig. 4.8).10-11
The emission lifetimes vary between templated Zn (II)-carboxylate MOF’s (τRWLC-1 = 1600 ns to
τRWLC-3 = 453 ns) and Zr (IV)-carboxylate MOF’s (τRuBpy@Uio-66 =1000 ns to τRuBpy@Uio-68 = 648
ns) which exhibit similar MBB composition and ligand dispersion forces. One other correlation
besides electrostatic forces is the steric and structural implications of the framework on the guest.
The argument for most RuBpy@MOF photophysical observations is that the framework imposes
strain on the Ru – N bond raising the energy barrier to access the higher energy 3LF state. This
results in a decrease in the non-radiative rate (k1) and energy barrier (ΔE) terms. The observed
emission lifetime is then extended relative to solution. Thus, the structural forces the framework
imposed on the encapsulated guest plays a major role in the excited state lifetime.

Figure 4.8: A summary of influences on guest photophysics in Zn (II) and Zr (IV) based MOF’s
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In order to elucidate the correlation between free volume of a particular MOF and the observed
lifetime, PLATON solvent void calculations were performed on all RuBpy encapsulated MOF’s
including RuBpy templated MOF’s (RWLC’s). As shown in table 4.2, a comparison is shown
between the emission lifetimes and calculated solvent free volume of the particular system along
with the temperature dependent kinetic parameters. As shown in figure 4.9, the emission lifetime
treated as a function of the ratio between the MOF’s solvent free volume and the molar free
volume of RuBpy (~890 Å3). As the ratio (solvent free volume:molar volume of RuBpy)
increases, the lifetime of the particular system approaches the emission lifetime of RuBpy in
EtOH (τ ~ 621 ns), such as RuBpy@Uio-68 and RuBpy@MOF-177 were the largest cavity size
> 15 Å. As the ratio approaches 1, where the solvent free volume equals the molar volume of
RuBpy, the lifetime exponentially rises. For RWLC-1, the MOF exhibits the smallest solvent
free volume and exhibits the most extended emission lifetime. Similar systems include
RuBpy@Uio-66 and RuBpy@USF-2 which exhibit the smallest cavities of the series.

For RWLC-3, the emission lifetime decreases ~ 200 ns relative to RuBpy in EtOH and exhibits a
~ 2,000 cm-1 decrease in the ΔE value. An interesting characteristic of RWLC-3, is the calculated
solvent free volume is ~ 900 Å3 and the ratio solvent free volume:RuBpy molar volume ~ 1
indicating that the emission lifetime should be close to that of RWLC-1. The large decrease in
the ΔE and emission lifetime is similar to RuBpy encapsulated into Zeolite Y which exhibits ~
200 ns decrease in the emission lifetime and ΔE ~ 800 cm-1.16 The reason for the large decrease
in the energy barrier is due to inaccessibility to the 3LF state and instead access to the fourth
3

MLCT which is ~800 cm-1 above the emitting 3MLCT. RWLC-3 might be a similar scenario

where the fifth and sixth 3MLCT are not thermally accessible after encapsulation leading to
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population of the fourth 3MLCT which results in a shortened emission lifetime relative to RuBpy
in EtOH.

Figure 4.9: The lifetime treated as a function of solvent free volume:RuBpy molar volume
Shown in figure 4.10, the ΔE for each system expressed as a function of solvent free volume and
the free volume of RuBpy. The energy barrier for systems with a ratio < 20 are less than ~3500
cm-1 and are associated with complete deactivation of the 3LF state which results in access to a
higher energy 3MLCT state. As the ratio increases, the ΔE slightly rises above ΔE for RuBpy in
EtOH and then decreases to the same value. The rise and fall of the ΔE value is indicative of
incomplete deactivation of the 3LF (Fig. 4.7) which results in an increase in the k1 term also and
slightly extended emission lifetime such as in RuBpy@Uio-68.
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Figure 4.10: The energy barrier (ΔE) treated as a function of solvent free volume:RuBpy molar
volume
4.5: Expanding the Guest in Zn (II) Carboxylate MOF’s
As previously shown, the encapsulation of RuBpy into Zn(II)-carboxylate and Zr(IV)carboxylate MOF’s results in photophysical changes consistent with confinement of the
complex. Deactivation of the 3LF state due to confinement is mostly observed in systems that
exhibit a smaller free volume such as Uio-66, RWLC-1, and USF-2. Thus, thermal population of
a higher energy 3MLCT is observed in such systems. When the organic linker of a particular
system is extended this results in a system with larger cavity volumes and similar topology and
the photophysics of the encapsulated RuBpy starts to look similar to RuBpy in EtOH. Systems
that are on the borderline of being confined and near solution, exhibit k1 and ΔE values larger
than RuBpy in EtOH which indicates partial confinement of the RuBpy complex where the 3LF
state is partially destabilized.
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To further study the effects confinement on Ru(II) polyimines, the use of the larger complex,
ruthenium (II) tris-(4,4’-dimethyl-2,2’-bipyridine) (RuDmbpy) was chosen since the complex is
~3 Å larger in diameter compared to RuBpy (Fig. 4.11). The encapsulation of RuDmbpy into
USF-2 resulted in red cubic crystals with pxrd data supporting the formation of USF-2. USF-2
exhibits three distinct cavities and only one can theoretically accommodate RuDmbpy which is
the ~15 Å rhombi cuboctahedron cage.

Figure 4.11: Illustration of the synthesis of various Ru@MOF systems
As shown in figure 4.12, the steady-state emission spectrum of RuDmbpy@USF-2 reveals a
large hypsochromic shift of the emission spectrum relative to RuDmbpy in EtOH (599 nm for
RuDmbpy@USF-2 versus 618 nm for RuDmbpy in EtOH). Hypsochromic shift of the emission
spectrum indicates destabilization of the emissive 3MLCT due to encapsulation. Just like RuBpy,
RuDmbpy exhibits a large excited state dipole moment which results in significant solvent
reorganization around the complex when the MLCT state is generated.10-11 Encapsulation of
RuDmbpy in the polyhedral cavities might result in less solvated environment leading to reduced
73

solvent reorganization which results in the observed hypsochromic shift of the emission
spectrum. The ~530 cm-1 increase in the E00 supports destabilization of the emissive 3MLCT
which is significantly larger compared RuBpy@USF-2 which exhibits a 100 cm-1 decrease in the
E00 value.

Figure 4.12: The steady-state emission spectrum of RuBpy in EtOH (black) versus
RuDmbpy@USF-2

4.6: RuPhen@USF-2 and RuDpp@USF-2
Similar to previous systems, in order to observe the effects of the charged USF-2 framework on
the excited state dipole moment of the encapsulated guest, RuPhen was chosen to the replace
RuBpy. Bright orange cubic crystals of RuPhen@USF-2 formed in the synthesis of USF-2 with
RuPhen and the structure was confirmed using single crystal x-ray.17 The loading of RuPhen in
USF-2 was calculated to be 0.3 μmol RuPhen per mg of RuPhen@USF-2 which is not enough
loading to observe the guest in USF-2 similar to RuBpy@USF-2. The steady-state emission
spectrum of RuPhen@USF-2 is hypsochromically shifted ~ 7 nm relative to RuPhen in EtOH
(579 nm for RuPhen@USF-2 and 586 nm for RuPhen in EtOH). The hypsochromic shift is
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consistent with destabilization of the emitting 3MLCT and rigidochormic effects as observed in
other RuBpy@MOF and RuPhen@MOF systems. Fitting of the emission spectrum to eqn. 3.2
indicates that the E00 of RuPhen@USF-2 increases ~200 cm-1 relative to solution value while the
E00 for RuBpy@USF-2 increases ~ 33 cm-1 indicating the greater destabilization is associated
with the complex with the larger excited state dipole moment.10-11 The ratio ΔQMOF/ΔQSoln ~ 0.7
indicating a larger geometric distortion of the RuPhen relative to RuBpy@USF-2.

The emission lifetime decay of RuPhen@USF-2 was best fit to a biexponential decay function
indicative of two separate populations of RuPhen in USF-2. One population gives rise to a longer
emission lifetime relative to RuPhen in EtOH (1921 ns for RuPhen@USF-2 versus 320 ns for
RuPhen in EtOH). The temperature dependent lifetime data reveals an increase in the k1 and ΔE
terms and a slight decrease in the k0 value. The k1 term increases by a factor of 6 while the ΔE
term increases ~1700 cm-1 relative to RuPhen in EtOH. The increase in the ΔE term is consistent
with confinement of the complex but not complete deactivation of the 3LF state allowing for
greater decay from the 3MLCT in RuPhen@USF-2 relative to RuPhen in EtOH.

The population giving rise to the fast phase emission decay exhibits a decrease in the k1 and ΔE
terms with a slight increase in the k0 term. The decrease in the k1 and ΔE terms indicate that the
3

LF state is not thermally accessible state and the increase in the k0 term indicates a separate

quenching process of RuPhen. The fast phase could represent a population of RuPhen that is
surface adsorbed and partially confined that participate in a self-quenching mechanism.
Similar to RuDmbpy@USF-2, extension of RuPhen with additional phenyl rings results in the
complex RuDPP which is ~ 21 Å in diameter. The volume of the complex is estimated ~ 4850 Å3
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not accounting for additional van der waals contacts. The calculated solvent free volume of USF2 is estimated to be ~4700 Å3 meaning the complex should not be accommodated in the USF-2
network. Utilizing the layering method of USF-2 in the presence of RuDPP results in colorless
cubic crystals indicative of no RuDPP encapsulation.

4.7: Summary
The encapsulation of Ru (II) polyimines in Zn (II) based MOF’s results in photophysical changes
distinct from the complex in solution. In the Zn (II) polyhedral systems, the emissive 3MLCT
state of RuBpy is either stabilized or destabilized depending on which system RuBpy is
encapsulated in. RuBpy@USF-2 exhibits a hysochromic shift of the emission spectrum while
RuBpy@HKUST-1(Zn) exhibits a bathochromic shift. The observed hysochromic shift in
RuBpy@USF-2 is attributed to the overall cationic environment of the MOF which destabilizes
the excited state dipole moment of RuBpy resulting in a raising of the 3MLCT state.
Comparatively, the bathochromic shift of the emission spectrum for RuBpy@HKUST-1(Zn) is
the result of stabilization of the excited state dipole moment primarily due to the neutral
environment of HKUST-1(Zn). For the other RuBpy encapsulated Zn (II) carboxylate systems, a
hypsochromic shift of the emission spectrum is observed. RuBpy@MOF-5, RuBpy@MOF-177,
and RuBpy@IRMOF-10 all exhibit this destabilization pattern. The cationic environments,
similar to USF-2, must contribute to the 3MLCT destabilization and hypsochromic shift. The
emission lifetime decay for all the systems exhibited some correlation to the average solvent free
volume of the particular MOF. It was observed that as the solvent free volume increases, the
lifetime approaches solution value indicating less restriction on the Ru – N bond. For more
restricted systems, the lifetime increases ~ 1.5 – 2.5 fold relative to solution. The temperature
dependent kinetics reveals, ΔE and k1 values that are lower relative to RuBpy in solution
76

indicating complete deactivation of the 3LF state and instead thermal population to a higher
energy 3MLCT. For the MOF exhibiting larger solvent free volumes, the ΔE and k1 value
increase relative to RuBpy in solution indicating thermal population of a partially destabilized
3

LF state.

Increasing the size of the guest by replacing RuBpy with the extended RuDmbpy in the USF-2
synthesis results in red cubic crystals that exhibit distinct photophysics relative to solution. The
steady state emission spectrum of RuDmbpy@USF-2 is hysochromically shifted relative to
RuDmbpy in EtOH similar to RuBpy@USF-2. The cationic environment may also play a role in
the destabilization of the emitting 3MLCT and due to inefficient solvent reorganization.
This is compared to RuPhen@USF-2 which is slightly larger relative to RuBpy and exhibits
distinct photophysics relative to RuPhen in EtOH. This includes hypsochromic shift of the
emission spectrum and extension in the emission lifetime. Interestingly, the ΔE increases ~ 2,000
cm-1 relative to RuPhen in EtOH indicating the 3LF is not completely deactivated and that
thermal population of the state occurs from the 3MLCT. The replacement of the extended
RuPhen (RuDPP) in the synthesis of USF-2 results in colorless cubic crystals indicating the
complex is too large to be accommodated into USF-2 as predicted by the solvent free volume
calculation.
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Chapter 5: Templating Effect of Homoleptic and Heteroleptic Ruthenium (II) Polyimines
on Cd (II) Carboxylate Metal Organic Frameworks
5.1: Introduction into the RWLC Series and RWLC-5 Photophysics
As previously shown, frameworks exhibiting high symmetry such as HKUST-1(Zn), USF-2, and
the IRMOF series can successfully encapsulate ruthenium (II) polyimines without changing any
topological features of the framework.1-5 The ligand identity and MBB composition allows for
control over many MOF topologies. The presence of guest molecules can alter the synthetic
conditions enough to completely form a novel framework that’s templated by the guest.
Templating agents ranged from organic dyes to solvents, surfactants, and polymers.6-7 As
previously observed, RuBpy the in presence of different synthetic conditions forms the highly
loaded and crystallographically resolvable guest systems known as the RWLC series.
Encapsulation results in photophysical features distinct from solution such as enhanced emission
lifetimes and hypsochromic/bathochromic shifts in the steady-state emission spectrum indicating
confinement of the complex. The solvothermal synthesis of RuBpy with Zn (II)-BDC in the
presence DEF results in RuBpy@MOF-5.8 In the presence of a mixed solvent system 3:3:1
DMF:EtOH:H2O, the templated framework known as RWLC-3 is formed instead.9-10. The
replacement of Zn (II) with the isoelectronic cation Cd (II) also forms a separate RuBpy
encapsulated system, RWLC-5, which results in one of the highest resolvable RuBpy ion in all of
the RWLC series and in non-covalent RuBpy encapsulated MOF systems.11
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The highly resolvable RuBpy in RWLC-5 allows one to make connections between structural
changes of the encapsulated RuBpy and the observed photophysical features. As shown in figure
5.1, the crystal structure of RWLC-5 with the resolvable RuBpy with a slight distortion of the
bipyridine rings. The excitation spectrum of RWLC-5 reveals a slight hypsochromic shift which
gives a good visualization of the single crystal steady-state absorption spectrum.
The steady-state emission spectrum of RWLC-5 reveals a large bathochromic shift which is
indicative of stabilization of the emissive 3MLCT (630 nm for RWLC-5 versus 608 nm for
RuBpy in EtOH). Associated with the large shift in the spectrum, Franck-Condon analysis
reveals a ~1000 cm-1 difference in E00 for RWLC-5 relative to RuBpy in EtOH. RWLC-5 also
exhibits changes in the Huang-Rhys high and low coupling factors which is uncommon for most
systems. The high Huang-Rhys coupling factor is usually unaffected relative to solution value
but in the case of RWLC-5, the value changes by ~50% (0.31 for RWLC-5 versus 0.64 for
RuBpy in EtOH). Along with changes in both the high and low coupling factor, the average high
and low frequency acceptor modes both change relative to solution. The average low frequency
acceptor mode for RWLC-5 increase ~400 cm-1 relative to solution (636 cm-1 versus 237 cm-1 for
RuBpy in EtOH) indicating changes between the Ru – N bond of RuBpy in RWLC-5. The
average ratio ΔQMOF/ΔQsoln for RWLC-5 is 0.43 indicating distortion of the complex as shown
by the bipyridine twist (figure 5.1). Changes and distortion of the complex is most likely
responsible for the large bathochromic shift of the steady-state emission spectrum and the large
changes in the Franck-Condon parameters (table 5.1).
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Figure 5.1: (Left) Illustration of RWLC-5 with encapsulated RuBpy (green). (Right) The
encapsulated RuBpy illustrating the distortion of the bipyridine ring.
The emission lifetime decay of RWLC-5 was best fit to a biexponential decay function similar to
the other RWLC systems. The phase giving rise to the slower emission lifetime exhibits a
lifetime of ~1180 ns and the fast phase decays with a lifetime of 129 ns. Interestingly, neither the
fast or slow phases were temperature dependent indicating no thermally accessible states above
the emitting 3MLCT. Crystal structure data reveals the presence of water molecules that are
disordered in 34% of the total sites within RWLC-5 which may play a role in the non-radiative
deactivation of the 3MLCT manifold.
Table 5.1: Summary of parameters obtained by the fitting of steady state emission
spectrum to Eq. 1.2
λmax
Sample
E00
hωH
hωL
SH
SL

v1/2

RuBpy in EtOH

608

16,908

1,265

237

0.64

0.95

1,604

RWLC-5
RuBpy2Phen in
EtOH
RWLC-7
(RuBpy2Phen-C5)
RuPhen2Bpy in
EtOH
RWLC-8
(RuPhen2Bpy-C5)

630

15,915

1,738

636

0.31

0.1

1,463

604

16,853

1,250

159

0.64

1.02

1,657

597

16,953

1,025

210

0.65

0.93

1,227

599

16,985

1,265

141

0.6

1

1,689

600

17,024

1,142

379

0.67

0.79

1,213
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Table 5.1 (Continued): Summary of parameters obtained by the fitting of steady state
emission spectrum to Eq. 1.2
λmax
Sample
E00
hωH
hωL
SH
SL
v1/2
RuPhen in EtOH
588
17,405
1,273
247
0.6
0.96
RWLC-9
600
17,063
1,323
499
0.58
0.65
(RuPhen-C5)
*Units of λmax is nm, E(00), hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.

1,581
1,212

5.2: The Templating Effect of Heteroleptic Ruthenium (II) Polyimines on Cd (II)
Carboxylate Metal Organic Frameworks
The benefit of Ru(II) polyimine templated MOF’s is the formation of frameworks which contain
nearly ~100% packed Ru(II) complexes and the ability to resolve the Ru(II) complex. In order to
identify the effects of guest on the formation of Cd (II)-carboxylate MOF’s, the use of
heteroleptic and homoleptic Ru(II) polyimine(s) in replacement of RuBpy was utilized in the
synthesis of RWLC-5. The heteroleptic complexes include ruthenium (II) bis-(2,2’bipyridine)(1,10-phenanthroline) (RuBpy2Phen) and ruthenium (II) bis-(1,10phenanthroline)(2,2’-bipyridine) (RuPhen2Bpy) and the homoleptic complex RuPhen. The
replacement of RuBpy in the synthesis of RWLC-5 with one of the three other complexes, results
in the formation of 3 distinct frameworks was observed figure 5.2.. The MBB’s of each
framework exhibit a variety of different Cd(COO-) stoichiometric ratios (Fig. 5.3). RWLC-5
exhibits an MBB of [Cd2(COO-)4(Cl)2]-2 which exhibits an overall -2 charge likely to
accommodate the +2 charge of RuBpy. The RuBpy2Phen framework RWLC-7 (RuBpy2PhenC5) exhibits an MBB cluster of [Cd4(COO-)10]-2 also formed to accommodate the +2 charge of
RuBpy2Phen. The only two clusters that are similar in terms of the Cd(II)-carboxylate ratios are
from RWLC-8 (RuPhen2Bpy-C5) and RWLC-9 (RuPhen-C5). They both exhibit linear
[Cd3(COO-)8]-2 clusters and exhibit a -2 charge just like RWLC-5 and RWLC-7.
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Figure 5.2: Illustration of the each of the Ru (II) complexes and their respective crystal structure

Figure 5.3: The MBB composition and charge of each MOF framework synthesized with their
respective homoleptic and heteroleptic Ru (II) complex
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As shown in Fig. 5.6, the steady state emission spectrum of RWLC-7 is hypsochromically
shifted relative to RuBpy2Phen in EtOH (597 nm for RWLC-7 versus 604 nm for RuBpy2Phen in
EtOH). The hysochromic shift in the emission spectrum indicates destabilization of the emissive
3

MLCT state. Excited state absorption and Raman analysis of RuBpy2Phen reveals the 3MLCT is

delocalized between the two bipyridines on the complex.12-13 The delocalization of the electron
density on the two ligands might direct the excited state dipole moment after generation of the
1

MLCT. The delocalization over two ligands in RuBpy2Phen in RWLC-7 versus three ligands in

RuBpy in RWLC-5 might result in the smaller change in the emission spectrum since RWLC-5
exhibits 22 nm bathochromic shift. Fitting of the emission spectrum to the Franck-Condon
equation reveals slight changes to the average high and low frequency acceptor modes and the
high and low Huang-Rhys coupling factors. The ratio ΔQMOF/ΔQSoln for RWLC-7 ~ 0.97
indicating only slight distortion of the complex upon encapsulation which is supported by
crystallographic data. Compared to RWLC-5, the ΔQMOF/ΔQSoln (RWLC-5) = 0.43 indicating
large distortions of the complex in the Cd(II) framework. Crystal data of the RuBpy in RWLC-5,
supports these findings since there is a slight twist in one of the bipyridine rings. In the RWLC-7
structure, the bipyridine and phenanthroline rings are unaffected by encapsulation which
supports the small changes in the Franck-Condon parameters.
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Figure 5.4: (left) The emission lifetime decay of RuBpy2Phen in EtOH and RWLC-7 at 25°C
and (right) temperature decay fits

Table 5.2: Temperature dependent kinetic terms for the fast and slow phases in
RWLC-5, -7, -8, and -9
k0 (x105 s- k1 (x1011 s1
1
Sample
)
)
ΔE (cm-1)
RuBpy in EtOH
5
191
3,491
RWLC-5 (RuBpy) Fast Phase
69
------RWLC-5 (RuBpy) Slow Phase
8
------RuBpy2Phen in EtOH
1
800
3,594
RWLC-7 (RuBpy2Phen ) Fast Phase
18
3
2,500
RWLC-7 (RuBpy2Phen) Slow Phase
3
4
2,787
RuPhen2Bpy in EtOH
4
1,193
3,634
RWLC-8 (RuPhen2Bpy) Fast Phase
45
2,298
3,704
RWLC-8 (RuPhen2Bpy) Slow Phase
6
25
2,972
RuPhen in EtOH
2
153
3,132
RWLC-9 (RuPhen) Fast Phase
16
1
1,974
RWLC-9 (RuPhen) Slow Phase
4
32
2,967

τ (ns)
620
129
1,180
430
268
1,135
353
118
493
234
96
427

The emission lifetime decay of RWLC-7 and RuBpy2Phen is shown in figure 5.4. The emission
lifetime decay of RWLC-7 was best fit to a biexponential decay function indicating two separate
populations of RuBpy2Phen in RWLC-7. The slower phase exhibits a lifetime of 1135 ns and the
faster phase exhibits a lifetime of 268 ns relative to RuBpy2Phen in EtOH (432 ns at 25°C). The
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emission lifetime of both phases of RWLC-7 is temperature dependent unlike RWLC-5
indicating thermal population to a higher energy state from the emitting 3MLCT. The slower
phase is identified as the encapsulated and resolvable complex in RWLC-7, due to the increase in
the lifetime which is consistent with RuBpy2Phen confinement. The slow phase exhibits a
decrease in both the k1 and ΔE terms and an increase in the k0 term. The decrease in the k1 and
ΔE indicates deactivation of the 3LF state and instead thermal population to a higher energy
3

MLCT which is accompanied with the increase in the lifetime.

The doubling of the k0 value indicates that the RuBpy2Phen might be in close enough distance
that energy transfer might occur between encapsulated complexes. From the crystal structure, the
closest RuBpy2Phen interaction is ~9.65 Å (Ru – Ru centers) allowing for energy transfer
between two encapsulated complexes (Fig. 5.5). Energy transfer between two RuBpy2Phen
would thus increase the value of k0 (k0 = kr + knr + kq where kq is an additional quenching rate
constant). Similar observations have been observed in the RuBpy-Zn(II) templated frameworks
(i.e. RWLC-1,-2,-3,-6) and RWLC-5. A table of the slow phase k0 values and their respectively
RuBpy – RuBpy distances are shown in table 5.3.

Figure 5.5: Crystal structure of (left) RuBpy2Phen in RWLC-7 and (right) RuBpy in RWLC-5
and the distance measured between two complexes
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The fast phase component of RWLC-7 exhibits a slightly shorter emission lifetime relative to
solution (268 ns for RWLC-7 versus 430 ns for RuBpy2Phen in EtOH). The k1 and ΔE terms for
the fast phase decreases similar to the slow phase while the k0 increases greatly (18*105 s-1 for
RWLC-7 versus 1.3*105 s-1 for RuBpy2Phen). The fast phase is most likely a population of
RuBpy2Phen that is confined and quenched. The confinement of the complex is supported by the
decrease in the k1 and ΔE terms and the quenching is supported by the increase in k0. Thus, the
fast phase could either be surface adsorbed RuBpy2Phen or defect regions containing closely
confined RuBpy2Phen that participate in a self-quenching mechanism.

The other heteroleptic complex, RuPhen2Bpy produces a crystalline Cd (II)-carboxylate
framework with an MBB cluster composed of [Cd3(COO-)8]-2. The structure of RWLC-8
(RuPhen2Bpy) is a pillared square grid 3D net with the guest being slightly disordered over twofold axis with C 2/c space group. The distance between the two closest RuPhen2Bpy complexes
is ~9.80 Å. The steady-state emission spectrum reveals a slightly bathochromic shift relative to
RuPhen2Bpy in EtOH. The bathochromic shift in the emission spectrum indicates stabilization of
the emitting 3MLCT state. Stabilization of the 3MLCT would be accompanied with a decrease in
the E00 value but fitting of the steady-state emission spectrum to the Franck-Condon equation
reveals a slight increase in the E00 value. Changes in the average low frequency acceptor mode
and the low coupling factor was also observed. Similar distortion of the either the phenanthroline
or bipyridine rings to the RuBpy in RWLC-5 must be the factor that decreases the ratio
ΔQMOF/ΔQSoln (RWLC-8) ~ 0.73.
The emission lifetime decay of RWLC-8 was best fit to a biexponential decay function similar to
the other templated systems. The slower phase population exhibits a lifetime of 493 ns relative to
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RuPhen2Bpy in EtOH (353 ns at 25°C) while the fast phase decays with a lifetime of 115 ns. The
temperature dependent lifetime data reveals a decrease in the k1 and ΔE term for the slow phase
component of RWLC-8 and an increase in the k0 term. This is consistent with deactivation of the
3

LF state and thermal population of a higher energy 3MLCT like most other confined Ru(II)

polyimine systems. The total amount of solvent accessible void was calculated to be 4,995 Å3
which is much greater relative to RWLC-5 and RWLC-7, 2,574 Å3 and 1,711 Å3, respectively.
The large increase in the overall void volume in RWLC-8 might provide enough volume for
expansion around the complex leading to a less extended lifetime relative to RWLC-5 and
RWLC-7. As shown in table 5.3, the closest distance between two RuPhen2Bpy in RWLC-8 is
~9.8Å and the k0 increases by a factor of 1.36 relative to the solution lifetime. This indicates that
the complexes in the templated MOF might be close enough to participate in energy transfer thus
increasing the k0 value. The fast phase of RWLC-8 exhibits “solution-like” k1 and ΔE terms
while the k0 term increases by a factor of 10. This particular phase is similar to most fast phases
which indicates surface adsorption of closely contacted RuPhen2Bpy complexes participating in
a self-quenching process. The encapsulation of either RuBpy2Phen or RuPhen2Bpy into a Cdcarboxylate MOF offers advantages over other non-covalent ruthenium (II) polyimines. The
crystal structure of both systems reveals directionality of either the bipyridine or phenanthroline
rings. Introduction of complex directionality in the crystal structure opens up many avenues for
electron/energy transfer directionality.
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Figure 5.6: Steady-state emission spectra for each of the Ru (II) – C5 systems

5.3: RuPhen Templating Effect on Cd (II)-Carboxylate Metal Organic Frameworks
As previously shown, the synthesis of two heteroleptic Ru(II) complexes under RWLC-5
conditions results in two separate frameworks which exhibit distinct photophysics compared to
the complex in EtOH. This distinct photophysics indicates changes in either the electronic
properties of the complex or changes in the nano environment around the complex. The second
homoleptic complex, RuPhen exhibits a larger excited state dipole moment (6.7 Debye) versus
RuBpy (4.6 Debye) and is slightly larger compared to RuBpy.14-16 The solvothermal synthesis of
RuPhen in the presence of Cd (II) and BDC results in a distinct framework from RWLC-5,-7,-8.
The structure of RuPhen-C5 (RWLC-9) exhibits a trimetallic MBB with 3 Cd (II) cations and 8
carboxylates resulting in a -2 overall charge which balances the +2 charge of the RuPhen
complex (Fig. 5.8)
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The steady-state emission spectrum of RWLC-9 reveals a bathochromic of the emission band
relative to RuPhen in EtOH (600 nm for RuPhen-C5 versus 588 nm for RuPhen in EtOH). The
shift in the emission band is associated with a decrease in the E00 value for RWLC-9 relative to
RuPhen in EtOH table 5.1. The average low frequency acceptor mode increases by ~250 cm-1
and the low coupling factor also decreases from 0.95 (solution value) to 0.65 (RWLC-9) which
indicates a slight distortion of the complex upon encapsulation. The ratio ΔQMOF/ΔQSoln
decreases to 0.77 which indicates increased coupling between the excited and ground states
potential energy surfaces. The ratio is less shifted relative to the more tightly compacted RWLC5 where the ratio ΔQMOF/ΔQSoln = 0.43 which is most likely associated with twisting of the
bipyridine ligands.

Figure 5.7: (left) The emission lifetime decay of RuPhen in EtOH compared to RWLC-9 and
(right) the temperature dependent lifetime fit.
The emission lifetime decay of RWLC-9 was best fit to a biexponential decay function revealing
a fast and slow phase relative to RuPhen in EtOH (Fig. 5.7). The slow phase exhibits a lifetime
of 427 ns while the fast phase exhibits a lifetime of 96 ns where RuPhen in EtOH is 234 ns. The
temperature dependent lifetime studies reveals a slight decrease in the ΔE term and a ~10 fold
decrease in the k1 term. The small changes in both the ΔE and k1 values indicate that the RuPhen
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complex is not as confined as other Ru(II) in other MOF systems which results in the smaller
increase in lifetime value. The shorter lifetime increase may also be driven by the doubling of the
k0 term which increases from 2x105 s-1 to 4x105 s-1.
The fast phase exhibits a decrease in both the k1 and ΔE term which is characteristic of a
confined Ru(II) complex as observed in other systems but the decrease in the emission lifetime is
the result of the 8-fold increase in the k0 term. The fast phase population is most likely confined
surface adsorbed RuPhen complex that participate in a self-quenching process which results in
the increased k0 term.

RuPhen-C5 Cluster
2+

3 Cd (+6)
-

8 –COO (-8)
Total: -2 charge

Figure 5.8: The framework of RWLC-9 and the MBB cluster
5.4: Summary and Comparison to Other Systems
As shown in Fig. 5.9, the ratio τMOF:τSoln as a function MOF free volume:diameter of the Ru(II)
complex. The observed trend is that as the free volume of the MOF increases the ratio of the
lifetime in solution to lifetime in MOF approaches 1 assuming the lifetime is mostly affected by
the cavity size volume and not other electronic contributions such as the ligand electrostatics and
MBB charge. This is a similar trend observed in other systems containing either Zn(II), Cd(II),
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or Zr(IV) clusters that are either templated or non-templated frameworks. Systems containing
open shell transition metals such as Cu (II) or Co(II)/Co(III) results in quenching the Ru(II)
3

MLCT by either energy and/or electron transfer.17

Figure 5.9: The ratio of the slow phase MOF lifetime / lifetime of the complex in solution
treated as a function of free volume of the MOF / Ru(II) complex volume

The steady-state emission spectrum is affected more by the electrostatics of the cavity and less
on the cavity size which is supported by the heteroleptic RWLC series. Interestingly, systems
where the free solvent volume is large, the 3MLCT stabilization is affected the cavity
electrostatics.

92

Table 5.3: The closest RuBpy --- RuBpy distance in each of the RWLC-xx series and the ratio of
k0 (MOF) / k0 (Soln)
System

Distance (Å)

k0 (MOF) *105 (s1
)

k0 (complex in
EtOH) *105 (s-1)

RWLC-1 (Zn)

11.90

5.3

5.6

0.94

RWLC-2 (Zn)

9.31

7.4

5.6

1.32

RWLC-3(Zn)

11.78

2.9

5.6

0.51

RWLC-5(Cd)

9.67

8.0

5.6

1.43

RWLC-6(Zn)

19.70

5.5

5.6

0.98

RWLC-7
(RuBpy2Phen-C5
(Cd))

9.65

2.9

1.3

2.23

RWLC-8
(RuPhen2Bpy-C5
(Cd))

9.80

6.0

4.4

1.36

RWLC-9
(RuPhen-C5 (Cd))

10.13

4.1

2

2.05

k0 / k0
(MOF/Soln)

Differences in the emission lifetime is not only dependent on the solvent free volume but also the
calculated k0 value. For example, in the RWLC-2 system, the slow phase exhibits a slightly
extended emission lifetime relative to RuBpy in EtOH (797 ns) and exhibits a solvent free
volume of 5,407 Å3. This is compared to RuBpy@USF-2 which exhibits a lifetime of 1,300 ns
and a solvent free volume of 4,711 Å3. The ~ 700 Å3 difference in the solvent free volume is not
large enough to influence the drastic ~ 500 ns difference in the emission lifetime between the
two systems. The major difference between the two systems is the calculated k0 values. RWLC-2
exhibits a k0 value of 7.4x105 s-1 while RuBpy@USF-2 exhibits a k0 of 4x105 s-1 this is compared
to RuBpy in EtOH (k0 ~5.6x105 s-1). In RWLC-2, the closest RuBpy---RuBpy distance is ~9.31
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Å and it was calculated that the guest --- guest distance in USF-2 is >11 Å.18 Thus, the
differences in the emission lifetime might be accounted for in the k0 value which is attributed to
closely contacted RuBpy’s in each system. Similar data is observed in the RuBpy@Uio-66,
RuBpy@Uio-67, and RuBpy@Uio-68 systems where the k0 gradually increases from Uio-66 to
Uio-68 while the emission lifetime decreases. The decrease in the emission lifetime could be
attributed to the increase in the overall solvent free volume from Uio-66 to Uio-68. A second
possibility is the increase in the k0 value which is due to the increase closely contacted RuBpy in
Uio-67 and Uio-68 where RuBpy can be encapsulated in either the octahedron or tetrahedron
cavities.

Figure 5.10: The k0 ratio (MOF/Soln) treated as a function of closest RuBpy --- RuBpy distance
As shown in figure 5.10, the k0 is treated as a function of RuBpy --- RuBpy distance. The k0
ratio for the slow phase in each of the RWLC-xx systems approaches 1 as the closest RuBpy
contact increases indicating that the increase in the k0 value may be attributed to RuBpy
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quenching within the MOF. Interestingly, the k0 ratio decreases for RWLC-3 along with a
decrease in the emission lifetime. As previously discussed, the emission lifetime might be
attributed to thermal population of the 4th 3MLCT similar to RuBpy@Zeolite Y. The decrease
maybe attributed to either a decrease in the radiative or non-radiative deactivation rate from the
3

MLCT. Overall, the MOF’s influence on the encapsulated Ru (II) polyimine photophysics is

dependent on the structural/steric effects and the electrostatics/dispersion effects of the MBB’s
and ligands. These influences effect the radiative and non-radiative rates and are what impact the
overall photophysics of the encapsulated complex (Fig. 5.11).

Figure 5.11: Influences on Ru (II) polyimine photophysics in Zn (II), Zr (IV), and Cd (II)
MOF’s
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The RWLC series was one of the first examples of crystallographically resolvable non-covalent
guests in porous materials. The benefit of the highly loaded system is that connections between
the complexes nano environment and observed photophysics can made. This is compared to
other systems such as RuBpy@USF-2, RuBpy@HKUST-1(Zn), RuBpy@Uio-66 where the
photophysical conclusions can be vague. Presented in this chapter is the discussion about four
distinct frameworks, RWLC-5, RWLC-7 (RuBpy2Phen-C5), RWLC-8 (RuPhen2Bpy-C5), and
RWLC-9 (RuPhen-C5) and the comparison to other Ru@MOF systems. Three out of the four
frameworks exhibit bathochromic shifts in their emission spectrum (RWLC-5, RWLC-8,
RWLC-9) while RWLC-7 exhibits a slight hysochromic shift. The two systems that have
encapsulated homoleptic complexes (RWLC-5 and RWLC-9) exhibit large bathochromic shifts
>15 nm relative to the complex in solution, while the heteroleptic complexes exhibit small shifts.
This is most likely attributed to electrostatic influences on the excited state dipole moment of the
complexes due to differences in the delocalization of the MLCT state.
The emission lifetime decay for all four systems were best fit to a biexponential decay function
indicating two separate populations of the complex in the MOF. Each system exhibits a slower
emission lifetime relative to the complex in solution and one phase that exhibits a faster emission
lifetime. The crystallographically resolvable Ru (II) complex is the one that exhibits the extended
emission lifetime due to the temperature dependent kinetics resembling a confined Ru (II)
complex system, similar to other Ru@MOF systems. The kinetics reveal deactivation of the
higher energy 3LF state and instead access to a higher energy 3MLCT state. The phase exhibiting
the faster emission lifetime is most likely due to closely compacted Ru (II) complexes on the
surface of the MOF that participate in a self-quenching process which is supported by the
increase in the k0 values. Comparison between the new RWLC-xx systems and the previous non96

templated Ru@MOF systems reveals that the solvent free volume and lifetime relationship is
consistent among all the systems. Closely compacted Ru (II) complexes may also play a role in
increasing in the k0 value and decreasing the emission lifetime.
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Chapter 6: Encapsulation of Other Transition Metal Polyimines in Zinc Based Metal
Organic Frameworks
6.1: The Photophysics of Osmium (II) and Iridium (III) Complexes
Ru (II) polyimines have shown many advantages over other metal complex as a platform for
light harvesting system due to their diverse photophysical features. One disadvantage of RuBpy
and similar Ru(II) complexes is their limited visible light absorption. For example, RuBpy and
RuPhen absorb between 200 – 600 nm, primarily absorbing blue and green light and covering the
red-light region with minimal absorptivity. In order to extend the red light absorption of Ru(II)
polyimines, complex ligands such as pyrene and other highly conjugated molecules ligands are
synthesized in order to extend the absorption range of the complex.1 Extended conjugation of the
ligand allows for metal to ligand-to-ligand charge transfer states (MLLCT) and ligand-ligand
charge transfer states (LLCT) which are absorb in the far red section of the visible spectrum.2 A
better solution to extending the visible light absorption coverage is use of 5d transition metals
such as Re(I), Os(II), and Ir(III).3 Examples of 5d transition metal complexes includes Os(II)
tris-(2,2-bipyridine) (OsBpy) and the analog OsPhen. Iridium (III) complexes includes IrBpy and
the more popular Ir(III)bis-(2-phenylpyridine)(2,2’-bipyridine) (Ir(ppy)2(bpy)).4 The benefit of
most Ir(III) and Os(II) complexes is their prominent visible light coverage extended well above
600 nm without the use of complex ligands. Re(I) complexes are also commonly used for light
harvesting applications but most are known for their participation in CO2 photoreduction such as
Re(I) (2,2’-bipyridine)(CO)nXm where X = Cl- , NCS- , etc and n = 2 or 3, m = 1 or 2.5
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One of the most well-studied Os(II) complexes is osmium (II) tris-(2,2’-bipyridine) (OsBpy)
whose photophysics dates back to the 1960’s.6-8 OsBpy exhibits similar access to a higher energy
1

MLCT with λmax = 480 nm and fast intersystem crossing to the triplet state (3MLCT). For

RuBpy, access to a higher energy metal centered state (3MC or 3LF) occurs through an energy
barrier ΔE = 3800 cm-1 and decays non-radiatively on the order ~1013 s-1. In the case of OsBpy,
the large octahedral field splitting between the t2g and eg of Os(II) results in an energy barrier
from the 3MLCT to 3MC to be on the order of ~9000 cm-1 which is not thermally accessible near
room temperature fig. 6.1 and because of this, most Os(II) polyimine complexes such as Os(II)
tris-(1,10-phenanthroline) (OsPhen) and Os(II) bis-(2,2’,6,2”-terpyridine) (OsTer) display weak
temperature dependence. Higher energy 3MLCT states are located ~700 cm-1 above the emitting
state which decay on the order of ~108 s-1.9 Even though the 3MC is not accessible for most
Os(II) complexes, the lifetime of OsBpy is much faster (τ = 50 ns) compared to RuBpy (τ = 620
ns).10 The large spin-orbit coupling between the emissive 3MLCT and 1GS is greatly enhanced
with 5d transition metals therefore shorter lifetimes are observed. The benefit of the enhanced
spin-orbit coupling of Os(II) is direct access to the 3MLCT from 1GS allowing for broader visible
light absorption.11-13
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Figure 6.1: The energy level diagram for OsBpy in solution.
6.2: Encapsulation of OsBpy into Two Isostructural Zn (II)-based MOF’s, USF-2 and
HKUST-1(Zn)
One of the first examples of non-covalent encapsulation of OsBpy in MOF’s is the encapsulation
of OsBpy into two Zn(II) benzene tricarboxylate frameworks, USF-2 and HKUST-1(Zn). 14 The
purpose of encapsulated OsBpy into these two systems is to observe how encapsulation
influences the higher energy states of metal complexes not exhibiting a 3LF state which is greatly
affected by complex confinement. As previously mentioned, the MOF frameworks are composed
of Zn(II) paddlewheels and exhibit three distinct cavity topologies. USF-2 exhibits rhombi
cuboctahedral cages (14 Å in diameter), an octahedmioctahedral cages (11.5 Å), and
cuboctahedral cages (9 Å). HKUST-1(Zn) exhibits cuboctahedral cages (13 Å), close packed
polyhedral cages (11 Å), and octahedral cages (5 Å).15-17 The diameter of OsBpy is ~12 Å
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allowing for the complex to be accommodated into the larger cuboctahedral cages of both
frameworks.
The steady-state emission spectrum reveals a large hypsochromic shift for both OsBpy@USF-2
and OsBpy@HKUST-1(Zn) relative to OsBpy in MeOH (714 nm for OsBpy@USF-2, 709 nm
for OsBpy@HKUST-1(Zn), and 724 nm for OsBpy in MeOH). Fitting of the steady-state
emission spectrum to eqn. 1.2 allows for the extraction of emission parameters as shown in table
6.1. The E00 for OsBpy@HKUST-1(Zn) and OsBpy@USF-2 increases relative to OsBpy in
MeOH (14,274 cm-1 for OsBpy@HKUST-1(Zn), 14,258 cm-1 for OsBpy@USF-2, and 14,163
cm-1 for OsBpy in MeOH). The increase in the E00 accounts for the observed hypsochromic shift
in the emission spectrum which is attributed to destabilization of the emitting 3MLCT state. The
large excited state dipole moment of OsBpy (~4.86 Debye) is significantly affected by the
solvent environment and electrostatics of the surrounding framework.18 Insufficient solvent
reorganization around the excited state complex (1MLCT) would result in the destabilization of
the emitting 3MLCT state resulting in the observed hypsochromic shift of the emission band for
OsBpy@HKUST-1(Zn) and OsBpy@USF-2.
Table 6.1: Steady-state emission parameters for OsBpy in MeOH, OsBpy@HKUST1(Zn), and OsBpy@USF-2 at 25°C
Sample
λmax
E00
hwH hwL SH
SL
v1/2
OsBpy in MeOH

724 14,163 1,486

558

0.3

0.55

1,227

OsBpy@HKUST-1(Zn)

709 14,274 1,057

276

0.47

0.67

1,207

OsBpy@USF-2

714 14,258 1,174

353

0.35

0.67

949

*Units of λmax is nm, E(00), hωh, hωL, and ν1/2 are cm-1 and SH and SL are unitless.

102

The average high frequency acceptor mode of OsBpy consists of totally symmetric interbipyridine C-C and C-N stretching (1486 cm-1) while the average low frequency acceptor mode
consist primarily of Os – N stretching (200 cm-1) and bipyridine ring bending (600 cm-1) similar
to most Ru (II) complexes. Both the average high and low frequency acceptor modes decrease
relative to solution. The low frequency modes of both OsBpy@HKUST-1(Zn) and
OsBpy@USF-2 decrease in a range (200 – 400 cm-1) where Os – N stretching modes are
dominant indicating possible distortion of complex upon encapsulation. A decrease in the
average high and low acceptor modes is accompanied with increases in both the high and low
Huang-Rhys coupling factors. The (QMOF)/(QSol) for OsBpy@HKUST-1 and OsBpy@USF-2
are 1.5 and 1.3, respectively which indicates greater distortion of OsBpy in HKUST-1(Zn) versus
OsBpy@USF-2.
Table 6.2: Emission lifetime and kinetic values for OsBpy in MeOH, OsBpy@USF-2, and
OsBpy@HKUST-1(Zn)

Sample
OsBpy MeOH
OsBpy@HKUST-1(Zn)
OsBpy@USF-2

k0 (x106 s-1)

10
7
9

k1 (x108 s-1)

6
10
20

ΔE (cm-1)

τ (ns)

975
1,252
1,313

50
104
81

The emission decay of both OsBpy@HKUST-1(Zn) and OsBpy@USF-2 were best fit to a single
exponential with lifetimes of 104 ns and 81 ns, respectively at 25°C. The k0 of both
OsBpy@HKUST-1(Zn) and OsBpy@USF-2 decrease relative to solution (7x106 s-1 for
OsBpy@HKUST-1(Zn), 9x106 s-1 for OsBpy@USF-2, and 1.0x107 s-1 for OsBpy in MeOH)
while the k1 value increases (1.0x109 s-1 for OsBpy@HKUST-1(Zn), 2.0x109 s-1 for
OsBpy@USF-2, and 6.0x108 s-1 for OsBpy in MeOH). Emission decay OsBpy is consistent with
decay from 3MLCT composed of a manifold A1, E, and A2 with the lowest energy being 3A1.
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Decay from 3A1 is consistent with a rate constant on the order of ~106 s-1. The temperature
dependence is consistent with access to a higher energy 3MLCT state with a similar manifold of
A1, E, and A2 characters. Access to the higher energy state is on the order of ΔE~ 975 cm-1 with
a decay constant (k1~108) which is a significantly larger rate constant relative to the k0 value
(k1/k0 ~ 60). For OsBpy@USF-2, the energy barrier increases ~340 cm-1 and the ratio k1/k0
increases ~220. The increase in k1/k0 is primarily due to the large increase in the overall k1 value.
In the case of OsBpy@HKUST-1(Zn), the k0 decreases relative to OsBpy in solution, 7x106 s-1
while the ΔE and k1 value increase, k1 = 10x108 s-1 and 1252 cm-1. The overall ratio of k1 to k0
for OsBpy@HKUST-1(Zn) increases relative to solution (k1/k0 ~143) as a result in the overall
increase in the k1 value and decrease in the k0. The non-radiative rate (knr) is inversely
proportional to the energy gap between two states separated by an energy difference (Δε)
described by the following equations

where ħω is the average energy coupling the excited and ground state, S is the Huang-Rhys
coupling factor, kA is the limiting rate usually on the order of ~1014 s-1.19 By using the values in
tables 6.1 and 6.2 the theoretical non-radiative rate can be determined for both
OsBpy@HKUST-1(Zn) and OsBpy@USF-2. The both OsBpy@USF-2 and OsBpy@HKUST104

1(Zn) the knr is OsBpy@USF-2 is on the order of ~104 s-1 which is not large enough to affect the
overall k0 value unless the radiative rate kr is small enough that fluctuations in the non-radiative
rate affects the ko value. For OsBpy@HKUST-1(Zn) the k0 decreases by 25% relative to OsBpy
in MeOH . As explained previously, the thermally populated states consist of 1A2, 3E, and 3A1
under D3 symmetry and the k1/k0 ~ 60 for OsBpy in MeOH indicative of decay from the 3A1. The
ratios for both OsBpy@HKUST-1(Zn) and OsBpy@USF-2 increase relative to OsBpy in
MeOH, 143 and 220, respectively. The increase in the ratio is primarily due to a 10-fold increase
in the k1 term in both systems. The increased k1 value is also associated with a ~ 300 – 400 cm-1
increase in the ΔE term which is the largest influence on the increased lifetimes in both
OsBpy@HKUST-1(Zn) and OsBpy@USF-2. As predicted by the (QMOF)/(QSol) ratio,
encapsulation of OsBpy results in significant distortions of the complex which changes the
nuclear coordinates of the system. This displacement supports perturbations on the 3MLCT - 3LF
mixing resulting in changes in all three kinetic terms and changes in the emission lifetime.20
6.3: Photophysical Comparison of Os(II) Polyimines Encapsulated in Zn-BTCA Based
MOF, HKUST-1(Zn)
The large splitting between the t2g and eg of Os(II) polyimine complexes is large enough to
deactivate the thermally populated 3LF states from the emissive 3MLCT. The benefit of studying
encapsulated Os(II) polyimines is to observe the effects of confinement without influencing the
3

LF state. Thus, interactions between the encapsulated complex and the MOF can be further

analyzed such as of the excited state dipole moment by metal oxide clusters and solvent
interactions of the complex. In previous experiments, large bathochromic and hypsochromic
shifts in the steady-state emission spectra are attributed to such polarizability of the excited state
dipole moment by the inorganic clusters. The Os(II) polyimine complexes of interest is the
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extended conjugated system such as Os(II) tris(1,10-phenanthroline) (OsPhen) and the tridentate
system Os(II) bis(2,2’,6,2”-terpyridine) (OsTer) which exhibits longer excited state lifetimes,
174 ns and 270 ns, respectively compared to OsBpy. Unlike RuPhen and RuTer, the attached of
either tris-phenanthroline or bis-terpyridine to Os(II) results in an extended excited state lifetime
relative to the tris-bipyridine counterpart. For example, RuPhen exhibits a lifetime of 230 ns
relative to RuBpy which is 625 ns while RuTer exhibits a much faster excited state lifetime (τ <
1 ns).9
Such a difference in the excited state lifetime is primarily due to the energy difference between
the emissive 3MLCT state and the 3MC/3LF states. The geometry of RuTer is described as a
distorted octahedral geometry resulting in more acute bite angles between the ligand the Ru(II)
ion. The distorted octahedral geometry lowers the splitting energy between 3MLCT and eg states
resulting in greater population of the 3MC with an energy barrier ΔE = 1500 cm-1 compared to
RuBpy with ΔE = 3800 cm-1.21 As shown in the steady-state emission spectra of most Os(II)
polyimine complexes, the λemission > 700 nm as a result of a lower 3MLCT state. The Os(II) is
known to be more easily oxidize compared to Ru(II) resulting in stabilization of the 3MLCT
state. This concept along with a higher energy eg state raises the splitting energy high enough
that the 3MC states are non-accessible near room temperature. Presented in the following section
is the photophysics of two new systems, OsPhen@HKUST-1(Zn) and OsTer@HKUST-1(Zn)
and comparison to the previous OsBpy@HKUST-1(Zn). The reason HKUST-1(Zn) was chosen
is because the synthesis of OsPhen@USF-2 and OsTer@USF-2 was unsuccessful and failed to
yield any crystals. Therefore, the isostructural HKUST-1(Zn) was chosen as the platform for
OsPhen and OsTer encapsulation fig. 6.2.
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Figure 6.2: Illustration of the synthesis of OsBpy@HKUST-1(Zn), OsPhen@HKUST-1(Zn),
and OsTer@HKUST-1(Zn)
The emission spectrum of OsBpy@HKUST-1(Zn) and OsPhen@HKUST-1(Zn) is
hyposchromatically shifted relative to each complex in solution (709 nm for OsBpy@HKUST1(Zn) vs. 724 nm for OsBpy in solution and 695 nm for OsPhen@HKUST-1(Zn) vs. 704 nm for
OsPhen in solution). Conversely, the steady-state emission spectrum of OsTer@HKUST-1(Zn)
is bathochromatically shifted relative to solution (718 nm for OsTer@HKUST-1(Zn) vs. 715 nm
for OsTer in solution). This indicates that in both the OsBpy@HKUST-1(Zn) and
OsPhen@HKUST-1(Zn) the emitting 3MLCT is destabilized while the 3MLCT is stabilized in
OsTer@HKUST-1(Zn).
The average high frequency modes vary between 1100 – 1400 cm-1 which is attributed to interring C=N and/or C=C stretching vibrations of the attached bipyridine, phenanthroline, and
terpyridine ligands.22 The average low frequency modes usually fall between 200 – 600 cm-1
which is primarily composed of Os-N stretching in all three systems. The E00 for both
OsBpy@HKUST-1(Zn) and OsPhen@HKUST-1(Zn) increases relative to solution and accounts
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for the observed hypsochromatic shift of the steady state emission band (724 nm for OsBpy in
MeOH vs. 709 nm for OsBpy@HKUST-1(Zn) and 695 nm for OsPhen@HKUST-1(Zn) vs. 704
nm for OsPhen in solution). This is compared to OsTer@HKUST-1(Zn) which exhibits a
bathochromic shift in the emission spectrum and an associated decrease in the E00 term relative
to OsTer in MeOH. The Huang-Rhys terms for OsBpy@HKUST-1(Zn) changes slightly relative
to solution while the high and low coupling factor (SL) for OsPhen@HKUST-1(Zn) change
significantly as a result of encapsulation. Both the high and low coupling factors of
OsTer@HKUST-1(Zn) system changes minimally relative to solution. The fitting parameters
indicate that both OsBpy and OsPhen are affected by encapsulation imparting restriction on the
Os – N bonds while OsTer not affected by encapsulation. This is supported by the large increase
in the ratios ((QMOF)/(QSol)) for OsBpy@HKUST-1(Zn) and OsPhen@HKUST-1(Zn), 1.5 and
1.4, respectively, while the ratio (QMOF)/(QSol) ~ 1 for OsTer@HKUST-1(Zn).
Table 6.3: Steady-state emission parameters for all Os@HKUST-1(Zn) systems
Sample
λmax
E00
SH
SL
hωH
hωL

ν1/2

OsBpy in MeOH

724

14,163

0.3

0.55

1,486

558

1,227

OsBpy@HKUST-1(Zn)

709

14,274

0.47

0.67

1,057

276

1,207

OsPhen in MeOH

704

14,607

0.29

0.54

1,348

592

1,205

OsPhen@HKUST-1(Zn)

695

14,907

0.37

0.93

1,121

187

1,493

OsTer in MeOH

715

14,215

0.27

0.71

1,184

329

953

OsTer@HKUST-1(Zn)

718

14,148

0.33

0.65

1,114

336

854

The temperature dependence data of OsBpy@HKUST-1(Zn) reveals an increase in the energy
barrier ΔE (1,252 cm-1) compared to solution (975 cm-1). The rate constant k1 associated with the
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energy barrier difference was shown to increase significantly relative to solution, (9.94*108 s-1
vs. 6.0*108 s-1) while the k0 term for OsBpy@HKUST-1(Zn) decreases relative to solution
(7.25*106 s-1 vs. 10.0*106 s-1). Previously discussed, the ratio (k1/k) ~ 60 for OsBpy in MeOH
which is indicative of decay from the 3A1 state. The ratio increases for OsBpy@HKUST-1(Zn)
(k1/k0 ~ 137) which is due to the increase in the k1 term and a decrease in the k0 term. The
decrease in the k0 term could be due to a decrease in the non-radiative deactivation rate from the
emitting 3MLCT state. Significant distortion of the Os – N likely effects the mixing of the
3

MLCT – 3LF states resulting in changes in the kinetic parameters and emission lifetime. This is

compared to OsPhen@HKUST-1(Zn) which exhibits and increase in the k1 and ΔE terms and no
change to the k0 value. The ratio k1/k0 increases 10-fold relative to OsBpy@HKUST-1(Zn) (k1/k0
~ 1,133) due to the large increase in the k1 value relative to OsPhen in MeOH. The change in the
energy barrier for OsPhen@HKUST-1(Zn) ΔΔE ~ 860 cm-1 is greater compared to
OsBpy@HKUST-1(Zn) (ΔΔE ~ 245 cm-1) which might influence the 3MLCT-3LF mixing
leading to a slightly increased emission lifetime relative to solution.

Table 6.4: Emission lifetime and kinetic values for all Os (II) complexes and their
respective HKUST-1(Zn) encapsulated systems
k1 (x108 s-1)

ΔE
(cm-1)

10

6

975

50

60

OsBpy@HKUST-1(Zn)

7

10

1,252

104

137

OsPhen in MeOH

3

2

967

214

67

OsPhen@HKUST-1(Zn)

3

34

1,827

316

1,133

Sample

OsBpy in MeOH

k0 (x106 s-1)
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τ (ns)

k1/k0

Table 6.4 (Continued): Emission lifetime and kinetic values for all Os (II) complexes and
their respective HKUST-1(Zn) encapsulated systems
k0 (x106 s-1)

k1 (x108 s-1)

ΔE
(cm-1)

τ (ns)

k1/k0

OsTer in MeOH

1.4

0.5

640

270

36

OsTer@HKUST-1(Zn)

3.3

423

1,561

182

12,818

Sample

For OsTer@HKUST-1(Zn), all three terms (k0, k1, and ΔE) increase relative to OsTer in MeOH.
The ratio k1/k0 ~ 12,818 increases relative to OsPhen@HKUST-1(Zn) and OsBpy@HKUST1(Zn) primarily due to the increase in the k1 value. The k0 value increases by a factor of 2.4
which might be due to an increase in the non-radiative deactivation rate. This is compared to
OsBpy@HKUST-1(Zn) which exhibits a slight decrease in the k0 value. The change in the
energy barrier for OsTer@HKUST-1(Zn) has the largest increase ΔΔE ~ 921 cm-1 out of the
osmium (II) polyimine encapsulated systems. The decreased lifetime is attributed mostly to the
increase in the k0 value relative to solution even though the k1 value increases ~103. Small
changes in the average frequency acceptor modes, coupling factors, and kinetic values must be
attributed to the rigidity of the terpyridine ring system. As a result, the OsTer is not distorted as
much compared to OsBpy and OsPhen in Zn(II)-carboxylate systems. These three studies reveal
that the relative distortion of the Os (II) complex in HKUST-1(Zn) and changes in the k1/k0 ratio
influences the observed emission lifetime and stabilization of the emitting 3MLCT state.
6.4: Attempted Encapsulation of Iron (II) Polyimines in Metal Organic Frameworks
Ru (II) and Os (II) polyimine are excellent complexes in light harvesting systems due to their
photostability and robust photophysical properties such as long emission lifetimes, high
luminescent quantum yields, and broad visible light absorption. The downfall of these complexes
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is that the natural abundance of the elements is not enough to influence major changes in global
solar cell development. An alternative solution is to replace Ru (II) and Os (II) complexes with
the largely abundant first row transition metals such as Fe (II) complexes. Most Fe (II) polyimine
complexes exhibit highly coupled 3MLCT – 3MC/3LF states which rapidly decay to higher
quintet spin states (5MC) and decay non-radiatively back down to ground state (1GS).23-24 The
consequence of such a photophysical features is low luminescent quantum yields and fast
emission lifetimes < 1 ns.25 Thus, it is advantageous to observe the effects of confinement of Fe
(II) based polyimines in MOF’s to see if confinement of the Fe (II) results in extended emission
lifetimes similar to Ru (II) and Os(II) systems.
The first attempt at Fe (II) polyimine encapsulation was the room temperature synthesis of USF2 in the presence of iron (II) tris-(2,2’-bipyridine) (FeBpy). Unfortunately, the synthesis
produces colorless cubic USF-2 crystals and purple/pink powder. PXRD data reveals the
purple/pink powder to be amorphous powder and not characteristic of USF-2 diffraction. Similar
synthesis was performed with other Fe (II) complexes including iron (II) tris-(1,10phenanthroline) (FePhen) and iron (II) bis-(2,2’,6,2”-terpyridine) (FeTer) yielding similar
colorless crystals and pink/purple powders. The reason for non-encapsulation is still yet to be
determined. Current theories include the selective encapsulation of either fac or mer isomers of
the Fe (II) complexes in USF-2.26 Encapsulation of specific isomers of transition metal
polyimines still remains unexplored and is a plausible explanation for non-encapsulation.
The next method was to observe whether encapsulation of FeBpy occurs at higher temperatures.
The synthesis of Uio-66 in the presence of FeBpy yields a white/pinkish powder which was
identified as Uio-66 solely without encapsulated FeBpy. The Zr(IV) oxide clusters are known to
have a slight pink color which gave the impression that FeBpy was encapsulated. Therefore,
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other solvothermal methods were utilized including FePhen or FeBpy under RWLC-5 synthesis
conditions which yielded deep red crystals that exhibited luminescence unlike FePhen or FeBpy
in solution. The red crystals were identified as a Cd(II)-carboxylate-phenanthroline MOF with
tight confined cavities similar to RWLC-5. Due to the lability of Fe (II) complexes, the
phenanthroline or bipyridine coordinate with the metals in the MOF synthesis (Cd(II)) resulting
in discrete Cd-bipyridine or phenanthroline clusters fig. 6.3. The solvothermal encapsulation of
any Fe (II) polyimine requires that the association constant between the Fe (II) and the ligand is
greater compared to the ligand – MBB metal.

Figure 6.3: The Cd(II)-BDC-Phen chains produced in the synthesis of FePhen under RWLC-5
conditions

6.5 Encapsulation of Iridium (III) (2-phenylpyridine)(2,2’,6,2”-terpyridine) Chloride in the
Zinc(II) Polyhedral MOF, USF-2
The encapsulation of homoleptic and heteroleptic Ru(II) polyimines such as RuBpy, RuPhen,
RuBpy2Phen into most metal organic frameworks results in extended emission lifetimes and
stabilization/destabilization of the emitting 3MLCT. An exception to this concept is the
Zn2+/BDC RuBpy templated framework, RWLC-3. The observed changes in the excited state
lifetime is primarily due to the confinement of the complex upon encapsulation which raises the
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energy barrier to higher energy 3LF states which decay non-radiatively to the ground state. Since
the energy barrier of most Ru(II) complexes vary between 3000 – 4000 cm-1, any increase in the
barrier would easily result in the “shutting off” of the state completely resulting in extended
lifetimes due to the 3LF states being mostly non-radiative which high decay constants ~1013 s-1.
This is compared to Os(II) complexes, which exhibit virtually no 3LF accessibility at room
temperature although systems such as OsBpy@HKUST-1(Zn), OsBpy@USF-2, and
OsPhen@HKUST-1(Zn) all exhibit increased emission lifetime. This is attributed to changes in
the k1/k0 and ΔE which imparts changes in 3LF—3MLCT mixing.
Moving to the right on the periodic table from Fe, Ru, and Os is the group 9 elements which
consist of Co, Rh, and Ir which are known to exhibit rich coordination chemistry.27-28 The Ir(III)
tricatonic center is a d6 configuration similar to the dicatonic group 8 (Fe(II), Ru(II), Os(II)) and
the group 5 Re(I) elements.28 In particular, the homoleptic Ir(bpy)33+ and Ir(tpy)23+ are known to
not exhibit visible light absorption (λmax < 400 nm) due to the generation of Ir(IV) in the 1MLCT
state. This limits the use of using only neutral polypyridyl ligands such as bipyridine and
phenanthroline or the use of carbene ligands such as 2-phenylpyridine (ppy) to reduce the Ir(III)
to either Ir(II) or Ir(I). Complexes such as Ir(ppy)2(bpy) and derivatives are well known for hostguest chemistry in MOF’s and cucurbiturils.29-31
Thus, a catalog of heteroleptic Ir(III) complexes have been cataloged such as iridium (III) bis(2,2’-bipyridine)(2-phenylpyridine) and iridium (III) bis-(1,10-phenanthroline)(2phenylpyridine) as a few examples. These two examples exhibit extended visible light absorption
but is still mostly limited between 300 nm – 500 nm. Another less known complex Ir(III) (2phenylpyridine)(2,2’,6,2”-terpyridine) chloride (Ir(tpy)(ppy)Cl) exhibits broad range visible light
absorption and was developed for CO2 photoreduction to generate CO.32-38
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The excited state of Ir(tpy)(ppy)Cl is a mixture of singlet states mostly MLCT/LLCT in character
which is reductively quenched by an exogenous reducing agent such as TEOA. Reduction of the
1

MLCT/1LLCT results in the substitution of the chloride for a hydrogen ion. Excitation of the

hydride complex (Ir(tpy)(ppy)Cl) then results in the substitution of the hydride complex for CO2
which is reduced by the complex through two electron reduction. Illumination of the
Ir(tpy)(ppy)Cl complex is known to form Ir(III) dimers in solution which absorbs > 600 nm. The
benefit of the encapsulating Ir(tpy)(ppy)Cl is not only to observe the changes in the
photophysical properties but to eliminate the possibility of forming the Ir dimers due to the
regular porosity of the MOF framework. The pores exhibit specific dimensions to encapsulate a
single Ir complex which will prevent the aggregation of the complexes. The Ir-MOF material can
also serve as a heterogenous catalyst which exhibits benefits over the complex in solution. The
MOF, USF-2 was chosen as the platform for Ir(tpy)(ppy)Cl encapsulation due to the ease of
synthesis. Most Zn(II) and Zr(IV) MOF’s require solvothermal conditions (Temperature > 80°C)
which may decompose the Ir(tpy)(ppy)Cl complex or dissociate the chloride ligand for other
exogenous molecules. USF-2 also exhibits two accommodating cavities, ~15 Å rhombi
cuboctahedron and the ~13 Å octahemioctahedron, due to Ir(tpy)(ppy)Cl being < 13 Å in
diameter.
The steady-state emission spectrum of Ir(tpy)(ppy)Cl and Ir(tpy)(ppy)Cl@USF-2 are shown in
Fig. 6.4 and the Franck-Condon parameters are shown in table 6.5. The steady-state emission
data reveals no changes in the E00, hωH, and SH values. The high frequency acceptor mode of
Ir(tpy)(ppy)Cl consists mostly of 2-phenypyridine and 2,2’,6,2”-terpyridine inter-ring C-C and
C-H stretching modes (hωH ~ 1200 cm-1) indicating confinement of the complex doesn’t affect
the totally symmetric stretching modes similar to Ru (II) and Os(II) complexes. The low
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frequency acceptor mode consists of the Ir-C, Ir-N, and Ir-Cl stretching modes (< 600 cm-1) and
out-of-plane C-C and C-N bending modes (700 – 900 cm-1). The largest change in the FranckCondon parameters is the low coupling factor which decreases from 0.71 to 0.66, relative to
solution. The small shift in the emission spectrum and Franck-Condon parameters indicates little
to no distortion of the complex in USF-2. This is further supported by the small changes in the
ratio (ΔQIrMOF/ΔQIrSoln) = 0.96.

Figure 6.4:(Left) The temperature dependent lifetime fit and (right) the steady-state emission
spectrum of Ir(tpy)(ppy)Cl in acetone and Ir(tpy)(ppy)Cl@USF-2
Table 6.5: Steady-state emission parameters for Ir(tpy)(ppy)Cl in acetone and
Ir(tpy)(ppy)Cl@USF-2
Sample
E00
SH
SL
hωH
hωL
18565
0.64
0.71
1266
445
Ir(tpy)(ppy)Cl in acetone
Ir(tpy)(ppy)Cl@USF2

18531

0.63
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0.66

1236

493

Δν1/2
1206
1150

The emission lifetime temperature dependent fit is shown in fig. 6.4. The temperature dependent
lifetime reveals a linear relationship indicating that the data cannot be fit to equation 1.1 within
the chosen temperature range. The linear relationship is indicative of an Arrhenius fit (Eqn. 5.1)
below

As shown in Eqn. 5.1, the additional k0 term is not added to the equation compared to Eqn. 1.1.
From the temperature dependent fit, the ΔE, k1, and τ all decrease for Ir(tpy)(ppy)Cl@USF-2
relative to Ir(tpy)(ppy)Cl in acetone. The uncertainty in the fit indicates weak temperature
dependence which results in overlap between Ir@MOF and Ir(tpy)(ppy)Cl in solution kinetic
values. As observed in the steady-state emission fit, encapsulation of Ir(tpy)(ppy)Cl results in
minimal perturbation of the complex. The electron level diagram for Ir(tpy)(ppy)Cl is shown in
Fig. 6.5. Excitation of the complex at 532 nm results in population of a higher energy
3

MLCT/3LLCT state which possibly decays (k0). In other Ir (III) systems, the temperature

dependent fit of those systems was expanded between 95 – 298 K allowing for the k0 term to be
extracted which is on the order of ~104 s-1.39 The emission lifetime of the complex is
temperature dependent between 5°C - 35°C indicating a higher energy state with an energy
barrier (ΔE~ 1000 cm-1). This higher energy state is labeled as another 3MLCT/3LLCT state.
Encapsulation of the complex lowers the energy barrier ΔE ~ 500 cm-1 and the ka term. The low
energy barrier indicates that the two states are close enough in energy that raising the
temperature from 5°C to 35°C does not have a large enough impact on kobs. Thus, a Boltzmann
statistic calculation was performed to analyze the temperature dependence effects (Eqn. 5.2):
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It was determined, the percent difference in population between 5°C and 35°C is small < 40%
with an energy barrier of ΔE = 1000 cm-1 and ΔE = 500 cm-1 indicating the ka is possibly an
average of the two decay rates (k0 and k1) where the k0 ~ 104 s-1 and k1 ~ 108 s-1 which is typical
for most Ir (III) complexes (fig. 6.5). Thus, encapsulation of Ir(tpy)(ppy)Cl into USF-2 results in
solution like photophysics and the complex is unperturbed relative to Ir(tpy)(ppy)Cl in acetone.
This system indicates that the encapsulation of a transition metal complex does not result in
distinct photophysics compared to solution and may still serve as an excellent CO2 photocatalyst.
Table 6.6: Emission lifetime and kinetic values for Ir(tpy)(ppy)Cl in acetone and
Ir(tpy)(ppy)Cl@USF-2
ka (x107 s-1)
ΔE (cm-1)
τ (ns)
Sample

Ir(tpy)(ppy)Cl in acetone
Ir(tpy)(ppy)Cl@USF-2

8.8
0.7

1,064
527

2,206
1,833

6.6: Summary
Presented here was the photophysical analysis of non-Ru (II) polyimines encapsulated in Zn (II)
carboxylate metal organic frameworks. The first system was OsBpy encapsulated into two
isostructural Zn(II) tricarboxylate MOF’s, USF-2 and HKUST-1(Zn). OsBpy@USF-2 and
OsBpy@HKUST-1(Zn) exhibit distinct photophysics relative to OsBpy in MeOH. Both systems
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Figure 6.5: The electron level diagram for Ir(tpy)(ppy)Cl and Ir(tpy)(ppy)Cl@USF-2

exhibit a hypsochromic shift in the emission spectrum and increase in the E00 value which is
characteristic of 3MLCT destabilization. The destabilization of the 3MLCT is thought to be
caused by either inefficient solvent reorganization around the complex or polarization of the
excited state dipole moment by the charge MBB’s of each framework. Fitting of the emission
spectrum to the Franck-Condon equation results in changes in mostly the average low frequency
acceptor mode and low coupling factor as a result of steric strain on the Os-N bond.
The emission lifetime increases in both OsBpy@USF-2 and OsBpy@HKUST-1(Zn) relative to
OsBpy in MeOH. For OsBpy@HKUST-1(Zn), the extended emission lifetime is more
pronounced relative to OsBpy@USF-2. This most likely attributed to the 10-fold increase in the
k1 term and the associated ~300 – 500 cm-1 increase in the ΔE term. Significant distortion of the
complex upon encapsulation and increase in the k1 and ΔE terms supports perturbations of
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3

MLCT-3LF mixing which influences deactivation of the emitting state and overall emission

lifetime.
The encapsulation of two other Os (II) polyimines in HKUST-1(Zn) (OsPhen@HKUST-1(Zn)
and OsTer@HKUST-1(Zn)) results in distinct photophysics relative to the complexes in
solution. For OsPhen@HKUST-1(Zn), there is a significant blue shift in the steady-state
emission lifetime spectrum while OsTer@HKUST-1(Zn) exhibits a slight bathochromic shift in
the steady-state emission spectrum. The Franck-Condon parameters reveal large changes in the
low frequency acceptor mode and low coupling factor for OsPhen@HKUST-1(Zn) while
OsTer@HKUST-1(Zn) exhibits no change. The rigidity of the OsTer system compared to both
OsBpy and OsPhen prohibits significant distortion of the complex upon encapsulation which is
supported by the ratio ((QMOF)/(QSol)) for OsBpy@HKUST-1(Zn) and OsPhen@HKUST1(Zn), 1.5 and 1.4, respectively, while the ratio (QMOF)/(QSol) ~ 1 for OsTer@HKUST-1(Zn).
The emission lifetime data of OsPhen@HKUST-1(Zn) reveals a slight extension relative to
OsPhen in MeOH while OsTer@HKUST-1(Zn) exhibits a slightly faster emission lifetime
relative to OsTer in MeOH. The increase in the emission lifetime of OsPhen@HKUST-1(Zn) is
attributed to the increase in the k1 and ΔE value, similar to OsBpy@HKUST-1(Zn).
Interestingly, the k1 increases dramatically for OsTer@HKUST-1(Zn) relative to OsTer in
MeOH but is associated with a decrease in the emission lifetime. The increase rigidity of the
OsTer system must result in an increase in a separate non-radiative deactivation pathway which
decreases the excited state lifetime.
In the process of encapsulating Ru (II) and Os(II) complexes in Zn (II) based MOF’s, Fe (II)
polyimines have also been attempted. Under solvothermal conditions, FeBpy and FePhen
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decompose and the Bpy or Phen ligand coordinate with the more favorable Zn (II) or Cd (II)
metals forming crystalline chains of Cd (II) or Zn (II) clusters. Under room temperature
conditions, FeBpy and FePhen do not encapsulate into USF-2 and forms a purple/pink powder.
The reason for the failed attempts to encapsulate FeBpy, FePhen, or FeTer still remains a major
question. One reason might be one Fe (II) complex isomer (fac or mer isomer) might preferably
encapsulate into USF-2.
Branching into other transition metal polyimines, Ir (III) complexes have proven to be an
excellent platform due to their high luminescent quantum yields and emission lifetime relative to
Ru (II) polyimines. One specific Ir (III) complex is Ir(tpy)(ppy)Cl which is a well-known CO2
photocatalyst and exhibits rich photochemistry. The complex participates in a two-electron
reduction of CO2 into CO requiring a sacrificial donor such as TEOA. Encapsulation of
Ir(tpy)(ppy)Cl into USF-2 results in similar photophysics relative to Ir(tpy)(ppy)Cl in acetone.
There is only a small shift in the steady-state emission spectrum, with a slight change in the low
frequency coupling factor. Small changes in the Franck-Condon parameters indicates the
complex is only slightly perturbed in USF-2.
The emission lifetime data reveals small changes in the kinetic parameters, more specifically, the
ΔE term which decreases ~500 cm-1 relative to Ir(tpy)(ppy)Cl in acetone. The temperature
dependence of Ir(tpy)(ppy)Cl and Ir(tpy)(ppy)Cl@USF-2 was best to a purely Arrhenius
equation which eliminates the extraction of the k0 value in eqn. 1.1. The temperature range of
each system (5°C- 35°C) is limited in order to extract the k0 value. A Boltzmann calculation
reveals a small percent change in the population distribution between the two states indicating
the observed rate constant (ka) is an average of the two deactivation rates from the emitting
3

MLCT/3LLCT states.
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Chapter 7: Overall Conclusions and Future Work
7.1: Overall Conclusions
In summary, the encapsulation of Ru (II) polyimines Zr (IV), Zn (II), and Cd (II) based metal
organic frameworks results in distinct photophysical features relative to the Ru (II) complex in
solution. Presented in the Zr(IV) based section of the dissertation, both RuBpy and RuPhen were
encapsulated separately in Uio-66 and Uio-66-NH2. The steady-state emission spectrum of all Ru
(II) polyimine encapsulated in Uio-66 and Uio-66-NH2 results in stabilization of the emitting
3

MLCT which is attributed to polarization of the encapsulated Ru (II) complexes excited state

dipole moment by the anionic Zr (IV) oxide MBB’s. Functionalization of the framework does
not affect the over stabilization of the 3MLCT in either RuBpy or RuPhen system. The emission
lifetime data was best fit to a biexponential decay indicating two populations of the Ru (II)
complex in both Uio-66 and Uio-66-NH2. For the non-functionalized Uio-66 framework, one
population exhibit an extended emission lifetime and the other is faster compared to RuBpy and
RuPhen in solution. Functionalization of the framework with either an (-NH2 or -OH) results in a
decrease in the emission lifetime relative to the non-functionalized framework. Analysis a
possible photoinduced electron mechanism reveals a positive free energy (ΔG) indicative of a
non-spontaneous process. Therefore, the addition of a hydrogen bonding group to the framework
must induce a non-radiative deactivation pathway not observed in the temperature dependent
kinetics.
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The Zr(IV)-based MOF’s serves as an excellent platform for the expansion of the cavity size
without changing the overall topology and MBB composition. The Uio- series (Uio-66, Uio-67,
and Uio-68) gradually increase in cavity size and maintain the same cavity topologies including a
tetrahedron and octahedron cavity. Encapsulation of RuBpy into each a progressively larger
system results in photophysics similar to RuBpy in solution. The temperature dependent kinetics
reveals changes in the k0, k1, and ΔE terms. Particularly, the k1 and ΔE terms are greater than
solution indicating accessibility to the higher energy 3LF state. The k0 term increases with
progressively larger cavity sizes. The k0 increase is thought to be attributed to encapsulation of
RuBpy in both the tetrahedron and octahedron cavities in Uio-67 and Uio-68, compared to only
the octahedron cavity in Uio-66. The increase in neighboring RuBpy’s in Uio-67 and Uio-68,
would result in an increase in a self-quenching mechanism which raises the k0 value. Thus, the
decrease in emission lifetime in RuBpy@Uio-67 and RuBpy@Uio-68 is attributed to the
increased RuBpy --- RuBpy interactions in the MOF.
To further explore the effects of cavity size on RuBpy photophysics, Zn(II)-carboxylate MOF’s
were chosen as the substitute to the Zr(IV)-based MOF’s. In an initial attempt to increase the
cavity size of the Zn(II)-polyhedral MOF, USF-2, the expanded linker BTB was utilized to
synthesize MOF-177. The result was the formation of the RuBpy-templated MOF’s known as the
RWLC series. The RWLC series is a collection of Ru(II) complex-templated Zn(II) and Cd(II)based MOF’s that form only in the presence of a Ru(II) complex and certain solvent conditions.
Under solvothermal and mixed solvent conditions, RWLC-1,-2, and -3 are formed but when a
single solvent is used, the originally intended parent framework is formed instead (fig. 4.3).
RuBpy@MOF-177 and RuBpy@MOF-5 are systems were the cavity size is much larger
compared to the RWLC series, USF-2, and HKUST-1(Zn). Similar to RuBpy@Uio-67 and
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RuBpy@Uio-68, the effects of cavity size on RuBpy photophysics can be studied. The
progressive increase in the cavity size results in “solution-like” photophysics which is attributed
to the increase in solvent around the encapsulated complex in the each of the systems. The
solvent accessibility volume was calculated for each MOF using PLATON which allowed for a
comparison between emission lifetime and solvent accessible volume fig. 7.1. The general trend
is that the emission lifetime of Ru@MOF approaches the emission lifetime of RuBpy in EtOH as
the solvent free volume increases.
In Chapter 5, it was determined that substituting RuBpy with a series of similar heteroleptic
(RuBpy2Phen and RuPhen2Bpy) and homoleptic (RuPhen) complexes under RWLC-5 conditions
results in three separate frameworks, that all exhibit distinct photophysics from the complex in
solution. Comparison between the emission lifetime and the solvent accessible volume reveals a
correlation between the two. As the solvent accessible volume increases, the emission lifetime
approaches the solution emission lifetime which is consistent with both the Zr(IV) and Zn(II)
carboxylate systems. Although, the changes in the steady-state emission spectrum of each system
did not correlate with the calculated cavity size. Large bathochromic shifts in the steady-state
emission band and Franck-Condon parameters were observed in the two homoleptic systems
while small shifts were observed in the two heteroleptic systems. Differences in the excited state
dipole moment of the complexes and polarization effects of the cavity on the excited state
properties might be responsible for the observed differences.
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Figure 7.1: Emission lifetime as a function of solvent free volume:RuBpy Molar Volume ratio
In Chapter 6, other transition metal polyimines were substituted for Ru(II) complexes including
Os(II), Fe(II), and Ir(III) complexes. The encapsulation of OsBpy into USF-2 and HKUST-1(Zn)
results in distinct photophysics relative to OsBpy in MeOH. Most Os(II) polyimines do not
thermally access a higher energy 3LF state from the emitting 3MLCT, as observed in the previous
Ru(II) systems. Both OsBpy@HKUST-1(Zn) and OsBpy@USF-2 exhibit extended emission
lifetimes relative to OsBpy in MeOH. This is attributed to changes in the k1 and ΔE terms which
influence 3MLCT/3LF mixing.
7.2: Future Work
Furthermore, future in this area of research should be focused mostly on the development of
more Ru(II)@MOF platforms that range in different cavity sizes. The majority of MOF
calculated solvent accessible volumes range between 800 Å3 – 12,000 Å3, including the RWLCseries were most volumes < 5,000 Å3. In order to make a better conclusion regarding the cavity
size effects on Ru(II) guest photophysics, Ru(II)@MOF’s with larger cavity sizes must be
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accounted for as depicted by the square box in fig. 7.1. Secondly, as previously stated in the
Zr(IV) section, the reason for the decreased emission lifetime in RuBpy@Uio-67 and
RuBpy@Uio-68 relative to RuBpy@Uio-66, is primarily attributed to an increase in the k0 value.
Increased RuBpy---RuBpy contact in Uio-67 and Uio-68 results in a self-quenching mechanism
which increases the k0 value and in turn, decrease the emission lifetime. To get a better
understanding of the Uio systems, systematic RuBpy doping concentrations should be performed
to observe whether the emission lifetime changes as a function RuBpy loading. Lastly, future
work should be devoted to the application of these systems in real world scenarios. This includes
singlet oxygen generation for decontamination and CO2 photoreduction using the Ir(III)@MOF
systems.
7.3: Residual Sum of Squares and Reduced Chi Squares

Table 7.1: The residual sum of square and reduced chi square values for each
Ru@MOF, Os@MOF, and Ir@MOF system
RuBpy@Uio-66 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.011
2.51*10-6
15
0.011
2.56*10-6
20
0.011
2.45*10-6
25
0.012
2.57*10-6
30
0.011
2.53*10-6
35
0.011
2.40*10-6
RuBpy@Uio-66-NH2 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.020
4.23*10-6
15
0.014
3.06*10-6
20
0.020
4.19*10-6
25
0.015
3.09*10-6
30
0.023
5.03*10-6
35
0.023
4.95*10-6
RuPhen@Uio-66 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
1.05
2.34*10-4
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Table 7.1 (Continued): The residual sum of square and reduced chi square values for
each Ru@MOF, Os@MOF, and Ir@MOF system
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
15
1.04
2.32*10-4
20
1.05
2.33*10-4
25
1.04
2.33*10-4
30
1.04
2.33*10-4
35
1.04
2.33*10-4
RuPhen@Uio-66-NH2 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.27
1.21*10-5
15
0.30
1.35*10-5
20
0.30
1.35*10-5
25
0.28
1.23*10-5
30
0.31
1.39*10-5
35
0.27
1.22*10-5
RuBpy@Uio-67 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.065
4.90*10-5
15
0.025
2.05*10-5
20
0.078
7.92*10-5
25
0.038
3.15*10-5
30
0.068
5.11*10-5
35
0.086
6.62*10-5
RuBpy@Uio-68 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.028
7.77*10-5
15
0.028
7.60*10-5
20
0.025
7.48*10-5
25
0.021
7.13*10-5
30
0.027
8.80*10-5
35
0.021
7.41*10-5
RuBpy@MOF-177 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.317
2.30*10-5
15
0.310
2.25*10-5
20
0.306
2.22*10-5
25
0.289
2.10*10-5
30
0.258
1.87*10-5
35
0.287
2.09*10-5
RuBpy@MOF-5 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
0.100
7.26*10-5
10
0.130
9.44*10-5
15
0.115
8.39*10-5
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Table 7.1 (Continued): The residual sum of square and reduced chi square values for
each Ru@MOF, Os@MOF, and Ir@MOF system
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
20
0.099
7.21*10-5
25
0.071
7.01*10-5
30
0.093
6.77*10-5
35
0.078
5.67*10-5
RuBpy@IRMOF-10 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.472
7.63*10-4
15
0.481
7.50*10-4
20
0.367
6.09*10-4
25
0.426
7.42*10-4
30
0.525
8.56*10-4
35
0.342
6.57*10-4
RWLC-7 (RuBpy2Phen-C5) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
0.543
2.82*10-5
10
0.388
2.13*10-5
15
0.314
1.64*10-5
20
0.256
1.35*10-5
25
0.316
1.66*10-5
30
0.288
1.67*10-5
35
0.287
1.72*10-5
RWLC-8 (RuPhen2Bpy-C5) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
0.463
3.38*10-4
10
0.395
2.88*10-4
15
0.465
3.38*10-4
20
0.291
2.13*10-4
25
0.267
1.95*10-4
30
0.293
2.14*10-4
35
0.342
2.49*10-4
RWLC-9 (RuPhen-C5) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
0.586
3.70*10-5
10
0.181
1.17*10-5
15
0.141
8.67*10-6
20
0.184
1.10*10-5
25
0.170
1.02*10-5
30
0.186
1.10*10-5
35
0.117
7.48*10-6
OsBpy@USF-2 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.144
4.05*10-5
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Table 7.1 (Continued): The residual sum of square and reduced chi square values for
each Ru@MOF, Os@MOF, and Ir@MOF system
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
15
0.174
4.92*10-5
20
0.261
7.36*10-5
25
0.099
2.79*10-5
30
0.140
3.94*10-5
35
0.185
5.22*10-5
OsBpy@HKUST-1(Zn) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.161
2.59*10-5
15
1.422
1.88*10-4
20
0.369
4.89*10-5
25
0.474
6.38*10-5
30
0.442
5.65*10-5
35
0.157
2.05*10-5
OsPhen@HKUST-1(Zn) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
0.166
1.23*10-4
7
0.167
1.24*10-4
9
0.194
1.43*10-4
11
0.258
1.91*10-4
13
0.130
9.60*10-5
15
0.134
9.89*10-5
17
0.198
1.46*10-4
19
0.228
1.68*10-4
21
0.157
1.16*10-4
23
0.129
9.56*10-5
25
0.170
1.26*10-4
27
0.303
2.24*10-4
29
0.117
8.66*10-5
31
0.190
1.40*10-4
33
0.189
1.40*10-4
35
0.238
1.76*10-4
OsTer@HKUST-1(Zn) Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
10
0.192
1.43*10-4
15
0.156
1.16*10-4
20
0.158
1.17*10-4
25
0.193
1.43*10-4
30
0.185
1.38*10-4
35
0.196
1.46*10-4
IrTpyPPyCl@USF-2 Residual Sum of Squares and Reduced Chi Square
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
5
3.454
0.00466
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Table 7.1 (Continued): The residual sum of square and reduced chi square values for
each Ru@MOF, Os@MOF, and Ir@MOF system
Temp (°C)
Residual Sum of Squares
Reduced Chi Square
8
3.362
0.00448
10
4.184
0.00557
11
2.992
0.00387
14
2.505
0.00332
15
2.319
0.00313
17
2.312
0.0031
20
2.442
0.00335
23
2.378
0.0032
26
2.719
0.00371
29
2.273
0.00307
32
2.039
0.00399
35
1.765
0.00231
38
1.693
0.00228
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